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To dedicated Michael Faraday, 
Michael Faraday is one of the greatest scientist, who contributed 
significantly to the study of electromagnetism and electrochemistry.  
Faraday was born in Newington, Surrey, England, on September 22, 1791. 
His father, a blacksmith, could not afford a formal education for Michael. In 1804 he 
became an errand boy, delivering among other things newspapers, for the 
bookseller George Riebau of 2 Blandford Street. In October 1805, at the age of 
fourteen, he was indentured for seven years to Riebau as an apprentice bookbinder. 
It was during this apprenticeship that he developed an interest in chemistry. Faraday 
wrote: "whilst an apprentice, I loved to read the scientific books which were under 
my hands." He later thanked Riebau for helping him in his education. 
In the spring of 1812, the year his apprenticeship ended, William Dance, a 
customer of Riebau's, gave Faraday tickets to attend four lectures to be delivered by 
the professor of chemistry at the Royal Institution, Humphry Davy. Faraday took 
386 pages of notes and had them bound in leather and sent to Davy along with a job 
application to be Davy's assistant. In 1813 Faraday became his temporary asistant 
and spent the next 18 months touring Europe while during Davy's investigations into 
his theory of volcanic action. 
In 1821 he began experimenting with electromagnetism and by demonstrating 
the conversion of electrical energy into motive force, invented the electric motor. In 
1831 Faraday discovered the induction of electric currents and made the first 
dynamo. In 1837 he demonstrated that electrostatic force consists of a field of 
curved lines of force, and conceived a specific inductive capacity. Faraday 
discovered the principle of electrical induction. Faraday's affiliation with Davy had 
been suffering because Davy was extremely jealous of his former assistant, who was 
now eclipsing him. When Faraday was nominated to become a member of the Royal 
Society in 1824, Davy cast the only negative vote. 
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INVESTIGATION OF ROTATING RING DISK ELECTRODE (RRDE) 
STUDIES ON NANO-SIZED CATHODE CATALYSTS FOR PEM FUEL 
CELLS 
SUMMARY 
The main aims of this research are to examine kinetic parameters, to determine the 
hydrogen peroxide formation and the mechanism of the electrocatalytic reduction of 
molecular oxygen on carbon supported platinum-based binary nanoparticles in acidic 
electrolyte at low temperature. Investigation of the oxygen reduction reaction (ORR) 
kinetics on nano-sized binary catalysts, is of great importance in the advancement of 
the proton-exchange-membrane fuel cell (PEMFC) technology. The electrocatalytic 
conversion for the direct four-electron reduction of oxygen to water, is extremely 
important in terms of clean energy. The study is divided into three essentially 
independent sections. One part deals with the synthesis of the nano-sized catalysts 
via microwave assisted polyol reduction method. In the second part a fundamental 
study concerning reaction pathway and reaction kinetics of the electrocatalytic 
oxygen reduction reaction were investigated by using rotating disk electrode (RDE) 
and rotating ring disk electrode (RRDE). In the last part, morphologic 
characterization of the synthesized catalayts were performed by means of 
spectroscopic and microscopic methods. 
In the first part of the study, carbon supported platinum (Pt) and platinum based 
binary (PtCr, PtSn, PtNi, PtCo) cathode catalysts were synthesized via microwave-
assisted polyol reduction method. Conventional Vulcan XC-72 Carbon supported 
platinum based catalysts are the best owing to their catalytic activity on oxygen 
reduction reaction. Because of the significant cathodic overpotential and the high 
cost of platinum, development of alternative catalyst is of great importance. 
Microwave assisted polyol reduction synthesis method is a simple, fast, energy 
efficient and proven technique to use as a general way of preparation for supported 
metal and/or alloy catalysts. In order to save time and energy, polyol reduction 
method was combined microwave irradiation technology. Owing to the properties of 
the microwave activation time, the reaction temperature and the viscosity and pH 
value of diethylene glycol, binary catalysts were obtained with a mean size of 2.5 
nm.  
In the second part of the this research, the kinetic parameters of the catalysts in 
question were examined by means of Koutecky-Levich approach using 
electroanalytical methods. The electrochemical measuremants were performed in 
0.1M HClO4 electrolyte. Cyclic voltammograms can provide qualitative information 
regarding the catalysts and electrochemical response of catalysts and catalytic 
activity of the catalysts with respect to electrochemical reactions. Firstly, 
electrochemically active surface (EAS) area, electrode real surface (ERS) area and 
roughness factor (rf) were determined by using cycle voltammetry (CV). The 
electrochemically active surface area was calculated by using coulombic charge (QH) 
of hydrogen adsorption and desorption region obtained from cycle voltammetry. The 
electrode real surface area was calculated by dividing the coulombic charge obtained 
xxii 
 
to charge required to oxidize a monolayer of hydrogen on Pt surface. The roughness 
factor rf is calculated by dividing the electrode real surface area obtained with the 
geometric surface area.  
Secondly, electrocatalytic oksijen reduction activity was examined as a function of 
the different rotation rates by using rotating disk electrode measurement. The kinetic 
parameters (kinetic current density, limiting current density, exchange current 
density, tafel slopes and number of transferred electrons) were assessed through the 
Koutecky-Levich approach. The polarization curves at different rotating rates of 
rotating disk electrode were carried out at 5 mV/s scan rate. Current density for all 
catalysts increased proportionally increasing the rotation rate in diffusion controlled 
area. The Tafel plots for oxygen reduction reaction attribute variable slopes ranging 
from 60mVdec
-1
 at the low current density region and  to more than 240mVdec
-1
 at 
the high current density region. This can be explained in terms of the different 
adsorption isotherms of oxygenated species, either Temkin isotherm has high 
coverage of surface oxides and/or adsorbed oxygen intermediates at low current 
density region or Langmuir isotherm has low coverage of surface oxides and/or 
oxygen species at high current density region. 
The most important problem related to the molecular oxygen reduction is to 
determine the natural and/or chemical adsorbed reaction intermediate species. The 
rotating ring disk electrode is most widely used technique to observe the diffusion 
controlled oxidation intermediate species. If oxygen is, at least partially, reduced at 
the disk electrode to H2O2, a part of the produced H2O2 will diffuse to the ring 
electrode. When the potential of the ring electrode is kept at 1.2 V (RHE), all of the 
hydrogen peroxide which diffuses to the electrode will be oxidized, and hence 
analyzed. Analysis of the rotating ring-disk electrode data revealed that oxygen 
mainly involves a four-electron reduction to water as the main product. The extent of 
hydrogen peroxide formation during oxygen reduction was determined as 3.0, 1.2, 
1.05, 2.1, 1.4 % for Pt/C, PtCr/C, PtSn/C, PtCo/C, and PtNi/C, respectively. The 
polarization curves of the catalysts displayed that the electrocatalytic activity on 
binary catalysts for oxygen reduction obviously outperformed the asprepared Pt/C 
catalyst due to a synergetic effect of alloying Pt with transition metals. 
The last part of the this study is structural and physical characterization of the 
catalysts in question were analyzed by high resolution transmission electron 
microscopy (HR-TEM), X-ray diffraction (XRD) and thermalgravimetric analysis 
(TGA) techniques. The structure and phase analysis of the catalyst powders were 
performed using X-ray diffraction analysis. The XRD patterns recorded obviously 
exhibit the hexagonal graphitic peak of the Vulcan-XC72 carbon support 
corresponding to the (002) plane at around 2θ = 25º along with the (111), (200), 
(220) and (311) planes, which crystallize in the face-centered cubic (fcc) crystalline 
structure. The average crystallite size of the electrocatalysts were estimated from the 
diffraction plane of (220) using the Debye-Scherrer equation. The crystallite size (d) 
as to Pt/C, PtSn/C and PtSnCo/C are approximately 2.0 and 2.5 nm, which are in 
good agreement with obtained average particle size from TEM micrographs. The 
HR-TEM images clearly show that the catalysts synthesized result in a well 
dispersed and uniform with nano particles on the carbon support. Determination of 
the nano particle size distribution was estimated from measuremet of approximately 
400 nano paricles. The real metal loading obtained via thermal gravimetric analysis. 
Mass activity (mA/mgPt) and specific activity (mA/cm
2
Pt) were calculated by using 
the actual weight of Pt with respect to the thermal gravimetric analysis results. In 
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conclusion, it can be clearly deduced from the electrochemical results that binary 
catalysts demonstrate more efficient electorocatalytic activity in positive potential 
shift of intial oxygen reduction reaction and higher current density than Pt/C 
electrocatalyst. 
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PEM YAKIT HÜCRELERİNE YÖNELİK NANO BOYUTLU KATOT 
KATALİZÖRLERİNDE DÖNER HALKA DİSK ELEKTROT 
ÇALIŞMALARININ İNCELENMESİ 
ÖZET 
Bu araştırmanın temel amaçaları karbon destekli platin içerikli nano parçacıklarda 
moleküler oksijenin elektrokatalitik indirgenme mekanizmasının ve hidrojen peroksit 
oluşumunun belirlenmesi, kinetik parametrelerinin düşük sıcaklık ve asidik 
ortamdaki incelenmesidir. Nano boyutlu ikili katalizörler üzerinde oksijenin 
indirgenme kinetiklerinin incelenmesi proton geçirimli membran yakıt hücrelerinin 
gelişiminde büyük öneme sahiptir. Oksijen indirgenmesinin direkt 4 elektronlu yolla 
suya elektrokatalitik dönüşümü temiz enerji açısından son derece önemlidir. Gerek 
daha yüksek elektrokatalitik performans göstermesi bakımından gerekse platinin 
sahip olduğu yüzey enerjisi nedeniyle oksijenin yüzeyde oksitlenmeden 
adsorplanması avantajı Pt içerikli kataliözrlerin geliştirilmesine olanak tanımaktadır. 
Platin yüzeyine adsorplanan oksijenin hidrojen peroksit ara ürüne dönüşmeden 
doğrudan 4-elektronlu yolla indirgenmesi yakıt pilleri teknolojilerinde hedeflenen 
çalışmalar arasındadır. Daha düşük maliyette ve daha yüksek verimde 
elektrokatalizör elde etmek için platin ile alaşım oluşturabilecek geçiş metalleri 
kullanılmasının hem yüksek akım yoğunluğu bakımından hem de oksijenin daha 
pozitif potansiyelde indirgenmesi bakımından üstün performans gösterdiği 
bilinmektedir.  
Bu çalışma birbirinden farklı üç bağımsız bölümden oluşmaktadır. Birinci bölüm 
nano boyutlu katalizörlerin mikrodalga destekli polyol indirgeme metodu ile 
sentezlenmesidir. İkinci bölümde oksijenin elektrokatalitik indirgenmesine yönelik  
tepkime kinetikleri ve tepkime yollarını içeren temel bir çalışma döner disk elektrot 
ve döner halka disk elektrot kullanılarak incelenmiştir. Son bölümde sentezlenen 
katalizörlerin yapısal karakterizasyonu spektroskopik ve mikroskopik yöntemler 
yoluyla incelenmiştir. 
Bu çalışmanın ilk bölümünde karbon destekli platin ve platin içerikli ikili (PtCr, 
PtSn, PtNi, PtCo) katalizörler mikrodalga destekli polyol indirgenme yöntemi ile 
sentezlenmiştir. Vulcan XC-72 karbon destekli platin içerikli katalizörler oksijen 
indirgenme tepkimesine gösterdiği yüksek katalitik aktiviteden dolayı en iyileridir. 
Platinin yüksek maliyeti ve aşırı katodik potansyeli yüzünden, alternatif 
katalizörlerin geliştirilmesi büyük önem taşımaktadır. Mikrodalga destekli polyol 
indirgenme sentez yöntemi metal destekli ve/veya alaşım içerikli katalizörlerin 
hazırlanmasında kullanılan basit, hızlı, enerji tasarruflu ve gelişmiş bir yöntemdir. 
Enerji ve zaman tasarrufu kazanmak için, polyol indirgeme yöntemi mikrodalga 
ışınlama teknolojisi ile birleştirilmiştir. Mikrodalga aktivasyon süresi ve tepkime 
sıcaklığının özellikleri ve dietilen glikolün viskositesi ve pH değeri bakımından, ikili 
katalizörler ortalama 2.5 nm boyutunda elde edildi. 
Araştırmanın ikinci kısmında, elektroanalitik yöntemler kullanılarak ilgili 
katalizörlerein kinetik parametreleri Koutecky-Levich analiz yöntemi kullanılarak  
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incelenmiştir. Deneysel çalışmalara başlamadan önce, deneyler esnasında 
kullanacağımız bütün malzemeler ayrı ayrı temizlenmiştir. Özellikler cam malzemler 
potasyum permanganat çözletisi içerinde bekletilerek cam yüzeyinde adsorplanmış 
safsızlıklar uzaklaştırılmıştır. Daha sonra temizlenen cam malzemeler hava ile 
kurutulup yine saf su ile doldurulmuş temiz bir cam kap içerisinde saklanmıştır. 
Elektrokimyasal ölçümler 0.1 M HClO4 ortamında 1 atm basınç altında N2 gazı ve 
O2 gazı ile ayrı ayrı doygunluğu sağlanıp yapılmıştır. Elektrokimyasal ölçümlere 
başlamdan önce, elektrot yüzeyinde bulunan belli miktardaki katalizör 0.1 M HClO4 
ve N2 gazı ile doyurulmuş ortamda döngüsel voltammetri yöntemi kullanılarak 
katodik taramayla en az 10 ve 20 döngü ile aktive edilmiştir. Böylece katodik 
taramayla, katalizör yüzeyinde oluşan fiziksel yada kimyasal yolla adsorplanmış 
herhangi bir safsızlık olup olmadığı belirlenmiş olur. Daha sonra elektrokimyasal 
aktif yüzey alanı, elektrot gerçek yüzey alanı ve yüzey pürüzlülük faktörü döngüsel 
voltammetri yöntemi kullanılarak aydınlatılmıştır. Elektrokimyasal aktif yüzey alanı 
döngüsel voltammetri kullanılarak elde edilen hidrojen adsorpsiyon ve desorpsiyon 
bölgesinde oluşan yük miktarı kullanılarak hesaplanmıştır. Elektrot gerçek yüzey 
alanı elde edilen kolombik yük miktarı ile hidrojenin bir tabakasının Pt yüzeyinde 
yükseltgenmesi için gereken yük miktarına oaranı ile hesaplanmıştır. Yüzey 
pürüzlülük faktörü ise elektrot gerçek yüzey alanın geometrik alana oranı ile elde 
edilmiştir.  
Katalizörlerde elektrokimyasal aktif yüzey alanlarının belirlenmesinin ardından, 
oksijenin elektrokatalitik indirgenme aktivitesi farklı dönme hızlarının fonksiyonu 
olarak döner disk elektrot ve döner halka disk elektrot kullanılarak incelenmiştir. 
Kinetik parametreler (kinetik akım yoğunluğu, limit akım yoğunluğu, değişim akım 
yoğunluğu, tafel eğimleri ve transfer edilen elektron sayıları) Koutecky-Levich 
analiz yöntemi yoluyla belirlenmiştir. Farklı dönme hızlarına bağlı olarak döner disk 
elektrot ile elde edilen polarizasyon eğrileri 5 mV/s tarama hızında ve katodik tarama 
yönünde gerçekleştirlmiştir. İncelenen tüm katalizörlerde akım yoğunluğunun 
elektrotun dönme hızına bağlı olarak artış gösterdiği saptanmıştır. Oksijen 
indirgenmsine yönelik Tafel eğrileri düşük akım yoğunluğuna ait bölgede ve yüksek 
akım yoğunluğuna sahip bölgede farklı eğim değerlerine sahiptir. Bu durum oksijen 
türlerinin farklı adsorpsiyon izotermlerine sahip olduğunu göstermektedir. Düşük 
akım yoğunluğu bölgesinde oluşan Temkin izotermi adsorplanmış oksit türlerinin 
yüksek oranda yüzeyde varlığını gösterirken, yüksek akım yoğunluğu bölgesine ait 
Langmiur izotermi oksijen türlerinin yüzeyden uzaklaştığını göstermektedir.   
Moleküler oksijenin indirgenmesi ile ilgili en önemli sorun doğal olarak yada 
kimyasal olarak adsorplanmış tepkime ara ürünlerinin belirlenmesidir. Döner halka 
disk elektrot ara ürünlerin difüzyon kontrollü yükseltgenmesini inceleyen çok yaygın 
bir yöntemdir. Eğer oksijen disk elektrotta kısmen H2O2 ara türüne indirgenirse, 
üretilen bir miktar H2O2 halka disk eletrota difüzyon ile taşınır. Halka disk eletrotun 
potasiyeli 1.2 V değerinde sabitlendiği için, halka elektrota difüzyonla taşınan H2O2 
miktarı yükseltgenir ve böylece halka elektrotta akım yoğunluğu bakımından 
incelenir. Döner halka disk elektrot ile yapılan elektrokimyasal deneylerin sonuçları 
oksijenin direkt dört-elektronlu yolla ana ürün olarak H2O’ya indirgendiğini ortaya 
çıkarmaktadır. Yapılan hesaplamalar ışığında moleküler oksijenin indirgenmesi 
sırasında oluşan hidrojen peroksit miktarı Pt/C, PtCr/C, PtSn/C, PtNi/C, PtCo/C 
katalizörleri için sırasıyla % 3.0, 1.2, 1.05, 2.1, 1.4 olarak tespit edilmiştir. Gerek 
döner disk elektrot gerekse döner halka disk elektrot ile yapılan deneylerinden elde 
edilen polarizasyon eğrileri ikili katalizörlerin oksijen indirgenmesi üzerindeki 
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elektrokatalitik aktivitesinin Pt ile alaşım oluşturan geçiş metalllerinin sinerjik 
etkisinden dolayı Pt/C katalizörüne göre daha üstün olduğunu açıkça göstermektedir. 
Bu nedenle yakıt hüclerinde daha yüksek verimde performans sağlaması bakımından 
platin ile alaşım oluşturabilecek geçiş metallerin katalizör olarak gelişrielmesi önemli 
ölçüde değer görmektedir.  
Araştırmanın son kısmında, sentezlenen katalizörlerin yapısal ve fiziksel 
karakterizasyonu yüksek çözünürlüklü geçirimli elekton mikrokobu, X ışınları 
kırınımı ve termalgravimetrik analiz yöntemleri kullanılarak analiz edilmiştir. 
Katalizör tozlarının yapı ve faz analizi X ışınları kırınımı yöntemi kullanılarak analiz 
edilmiştir. Elde edilen X ışınları kırınım desenleri hegzagonal yapıdaki vulkan XC-
72 karbon desteğine ilişkin 2θ=25º dolayında (002) düzleminin ve sırasıyla yüzey 
merkezli kübik kristal yapısında kristal özellik gösteren (111), (200), (220), (311) 
düzlemlerin varlığını açıkça göstermektedir. Sentezlenen katalizörlerin ortalama 
kristal boyutu (220) kristal düzleminden Scherrer eşitliği kullanılarak hesaplanmıştır. 
Yüksek çözünürlüklü geçirimli elektron mikroskop görüntüleri sentezlenen 
katalizörlerin karbon desteği üzerinde homojen dağılmış nano parçacıklar 
oluşturduğunu göstermektedir. X ışınları kırınımı sonuçlarından elde edilen ortalama 
kristal boyutuyla uyumlu olan yüksek çözünürlüklü geçirimli elektron mikroskobuna 
ait nano parçacıkların boyut dağılımının belirlenmesi yaklaşık 400 nano parçacığın 
değerlendirilmesi ile sağlanmıştır. Kütle aktivitesi (mA/mgPt) ve spesifik aktivite 
(mA/cm
2Pt) değerleri termalgravimetrik analiz ile elde edilen katalizörün içerdiği 
gerçek metal ağırlığı kullanılarak hesaplanmıştır. 
Düşük maliyete sahip olan geçiş metallerinin platin ile alaşım oluşturarak oksijenin 
direkt 4-elektronlu yolla daha kolay indirgenmesini sağlamaları yakıt pillerine 
yönelik yapılan katalizör araştırmalarının önemli bir payını oluşturmaktadır. Sonuç 
olarak, ikili katalizörlerin hem oksijen indirgenme potansiyelinin daha pozitif 
değerlere kayması bakımında ve hem de daha yüksek akım yoğunluğuna sahip 
olmaları bakımından Pt/C katalizörüne göre daha etkili performans gösterdikleri 
belirlenmiştir.  
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1.  INTRODUCTION 
Scientists have focused on Nanoscience and Nanoengineering which is a new 
interdisciplinary field being as known Nanotechnology. Nanotechnology has been 
emerged a part of science and technology owing to the invention of scanned probe 
microscope (SPM) such as scanning tunneling microscpy (STM) and atomic force 
microscopy (AFM) which made materials and sturtures possible to see and image at 
the atomic level. Nanotechnolgy deals with materials and systems at nanometer scale 
(1 billionth of a meter) and there is a general unanimity that nanotechnology is to 
control and manipulation the substance at 1-100 nm dimension. While materials and 
structures in micrometer scale exhibit mostly similar chemical, physical and 
structural properties, they expose different characteristics in terms of mophology, 
composition and particle size in nanometer scale from their bulk forms. Thanks to 
their found and expected unusual properties such as electrical, optical and magnetic 
as compared to the bulk, nanosized materials attract attention of many researchers. 
The field of nanoscience and nanoengineering research encompass a wide range of 
potential applications of synthesis new materials and catalysts[1-3].  
Nanotechnology offers, for the first time, tools to develop new industries based on 
cost-effective and cost-efficient economies, thus seriously contributing to a 
sustainable economic growth. Its unique capability to fabricate new structures at 
atomic scale has already produced novel materials and devices with great potential 
applications in a wide number of fields. Among them, significant breakthroughs are 
especially required in the energy sector that will allow us to maintain our increasing 
appetite for energy, which increases both with the number of people that join the 
developed economies and with our demand per capita. Nanotechnology is a broad 
term tipically used to describe materials and phenomena at nanoscale, i.e., on the 
scale of 1 billionth to several tens of billionths of a meter as shown in Figure 1.1 [4]. 
The rapid growth of the field in the past three decades has been enabled by the 
sustained advances in the fabrication and characterization of increasingly smaller 
structures. The fabrication side has seen the emergence of two paradigms, 
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respectively referred as “top-down” and “bottom-up”. The top-down method begins 
with large homogeneous objects and removes material as needed to create smaller-
scale structures. On the other hand, a bottom-up approach involves putting together 
smaller components such as individual atoms and molecules to form a larger and 
more complex system by leveraging naturally occurring chemical, physical, and 
biological processes[2-5]. 
 
Figure 1.1 : Length scale and some examples related to nano sized species [4]. 
Energy is the most substantial source for human population. The first energy source 
used by humans was firewood, water and wind. People needed firewood to cook their 
food, as well as to heat and light their caves and huts in Stone Age. People  in the 
Middle East used the heat energy from wood for winning and refining of tin and 
copper. Water power and wind power have been used for several thousand years. 
Because of the exploitation and utilization of the fossil fuels unfairly and the 
emergence of internal combustion engine in the late 19th century, offered a more 
economically viable source of energy over fuel cells. Since human activities have 
involved more and more energy consumption, the release green house gases such as 
carbon dioxide has increased dramatically[6, 7].  
Among the alternative energy conversion devices, fuel cells offer one of the highest 
efficiency with minimum green house gas emmision. Renewable energy is generally 
an inexhaustible source and typically undeveloped due to the overall reliance on 
fossil fuels over the last century. Viable renewable energy sources are electric power, 
solar, hydrogen, wind, geothermal, nuclear energy, bioenergy and hydropower. The 
energy challenge at its core consists of two entwined issues. Firstly, that of energy 
generation, which encompasses electric power, fossil fuels, nuclear, hydropower, 
wind so on. Secondly, once how do store the generated energy. Energy can be stored 
as heat in thermal storage, or as chemical energy in batteries and capacitors[8, 9].  
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The era of electrochemical energy conversion was opened by Volta’s report related 
to the ‘Volta Pile’ in March 1800. The pile consisted of alternating layers of zinc (or 
tin), silver and cardboard or leather soaked with electrolyte. The pile provided for the 
first time a reliable, continuous source of an electrical current at a significant voltage.  
Very soon afterbVolta’s report, both Nicholson and Carlysle carried out the 
electrolysis of water with a pile. Their work was important in pointing out the 
chemical action produced by the electricity. During the following several years, 
Berzelius and Hisinger performed experiments on the decomposition of salts by 
electrolysis, leading in 1810 to the ideas relating electricity and chemical 
affinity[10]. 
1.1 Electrochemistry 
Electrochemistry deals with chemical reactions taking place in a solution at the 
interface of an electron conductor and electrolyte.  In 1790, electrochemistry began 
with the observation of Aloysio Galvani that the legs of a dead frog twitched when 
exposed to an electrical spark. During the 1790s, a number of scientists investigated 
this animal electricityand the behavior of frogs’ legs when exposed to various stimuli 
through the contact of various materials (including metals) to the nerves and muscles 
of the frogs’ leg.  The Italian physicist Allesandro Volta initially accepted the idea of 
animal electricity, but his experiments soon led him to the conclusion that the frogs’ 
leg were simply an indicator of electrical current rather than a source of it. He 
performed many experiments with a variety of metals, leading to the development of 
a precursor to the electromotive series. During this active decade of the 1790s, 
Johann W. Ritter played a key role in clarifying the relationship between galvanic 
and chemical phenomena. By using various pairs of metals in electrochemical 
experiments, he shed light on the chemical transformations brought about by 
elctrochemical cells[10, 11]. 
By the invention of primary battery by an Italian physicist, Alessandro Volta, giving 
the world its first steady supply of electrical energy, in 1800, a new power came into 
existence. A usable capacitor was designed by Humphry Davy in1802. Michael 
Faraday was one of the most brilliant men in the history of electricity, he discoverd 
the electromagnetic effect in 1831, and thus built the first electric generator. In 1866, 
Werner von Siemens  was able to improve the generator into a technical device by 
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introducing the dynamo-electric priciple : the first alternating current (a.c.) generator. 
In 1871, a really practical direct current (d.c.) generator was built by Thomas Alva 
Edison in America. Davy’s former assistant, Michael Faraday continued 
electrochemical research with the very important development of Faraday’s Laws in 
1834[10-12].   
i.The amounth of electrochemical reaction produced by an electrical current is 
proportional to the amount of electrical charge passed. 
ii.The amonth of different substances produced or consumed by a given amount of 
charge are proportional to their equivalent weights.    
1.2 Batteries and Fuel Cells    
Shortly before oxygen became known, hydrogen had been discovered. Between 1775 
and 1780, one of the most famous chemists of all time, Antonie-Laurent Lavoisier, 
investigated hydrogen and oxygen thoroughly and arrivied at a new theory of 
combustion, which revolutionized chemistry. Another important result for the 
characterization of a fuel and the process of combustionwas discovery of the 
catalytic reaction. In 1823, the German chemist Johann Wolfgang Döbereiner 
detected the instantaneous combustion of hydrogen when coming into contact with 
powdered platinum. The third contribution to the background of the fuel cell is 
electrochemistry, which goes without saying is the basis of a gaseous cell, being a 
galvanic cell too. The interdisciplinary interaction of scientific fields for the birth of 
the fuel cell is shown in Figure 1.2[10].  
Volta’s discovery of the Volta Pile opened a new era : the development of 
electrochemical energy conversion. This field became very active, with many 
investigators developing electrochemical cells for producing and storing electrical 
energy. John F. Daniell reported his two-fluid cell in 1836. 
Sir William Grove inventor of fuel cell, developed a two electrolyte cell related to 
Daniell cell in 1839. In 1860 Gaston Plante reported the development of the first 
rechargeable battery. At this point Johann Wolfgang Döbereiner prepared powdered 
platinum by igniting ammonium hexachloroplatinate(IV). When he exposed this 
powder to hydrogen and admitted air, he observed that water had been formed at 
room temperature. Thus, he discovered the catalytic property of platinum in July 
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1823. Then, Jöns Jacob Berzelius, who was one of the founders of modern chemistry, 
invented the name catalysis and also the name isomerism [10-13]. 
 
Figure 1.2 : Interdisciplinary interaction of scientific fields for the birth of the fuel 
cell [10]. 
Fuel cells are a highly efficient energy conversion device that chemical energy to 
directly electric energy as long as they are supplied with fuel. Their history is dated 
back to the 19th century, when Chiristian Friedrich Schönbein first discovered in 
1838, that ones connected by electrodes hydrogen and oxygen or chlorine could react 
to generate electricity, which he termed as “polarization effect”. Shortly afterward, 
William Robert Grove invented a gas voltaic battery, which drew a current between 
the two Pt strips, one in hydrogen and another in oxygen in two seperated bottles 
filled with sulfuric acid. While this invention has now been recognized as the “first 
fuel cell”, yet the concept or the term of “fuel cell” was not proposed until 1889 by 
Ludwig Mond and Charles Langer, who attemped to contruct first practical fuel cell 
device using industrial caol gas as the fuel and air as the oxidant. Francis Bacon 
modified the structure of the device built by Mold and Langer and produced the first 
alkaline fuel cellby utilizing alkali electrolytes and nickel electrodes [10, 14-16]. A 
battery allows a controlled oxidation-reduction (redox) reaction to occur to generate 
electricity. Chemically energy trapped in active materials on polar electrodes in the 
battery is converted to electrical energy. Electrons travel from the negative to the 
positive electrode through an external circuit to power the load and complete the 
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discharge reaction in consists of three key componenets (anode, cathode, electrolyte) 
[17, 18]. 
 
Figure 1.3 : William Grove's prototype fuel cell [19]. 
Grove’s gas battery is made up of platinum strip electrodes surrounded by tubes 
containing hydrogen and oxygen in a dilute solution of sulfuric acid and water as 
illustrated in Figure 1.3. He studied with other electrolytes besides sulfiric acid, but 
was plagued by inconsistent cell performance[19].   
Fuel cells have three essential components : two electrodes separated by an 
electrolyte, which prevents reactants from directly mixing, they are an anode, 
electrode, a cathode electrode and a proton exchange membrane, respectively. The 
membrane is generally sandwiched between the anode and the cathode. Two 
electrodes the anode and cathode, must be connected by an electrical conducting 
material. The fuel is oxidized on the anode while oxidant species are reduced on the 
cathode. In the simple fuel cell with an acid electrolyte, hydrogen is fed to platinum 
anode and oxygen to the platinum cathode. The platinum particles are supported on 
high surface area carbon both for structural reasons and to aid electrical conduction. 
To facilitate the electrochemical reaction at the interfaces between the membrane and 
the anode/cathode, a catalyst layer is used. On each catalyst layer, Pt serves as the 
catalysts for both reaction. At the anode, H2 splits into protons, generating a pair of 
electrons on Pt surfaces. Driven by the potential difference between the cathode and 
7 
 
the anode, electrons generated at the anode are transferred through the outer circuit to 
reduce the O2 at the cathode. The protons diffuse across the membrane to the catalyst 
layer of the cathode, combine with reduced O2, and generate water [13, 19, 20].   
A simple schematic of fuel cell,  based on a proton-conducting electrolyte, is shown 
in Figure 1.4. For a fuel cell operating on hydrogen as the fuel and oxygen as 
oxidant, the driving force for conversion of energy is the Gibbs free energy of the 
reaction in (1.1). 
                                                                                                                        
The direct reaction of hydrogen and oxygen gases cannot occur because a gas 
impermeable membrane separates the two reactants. In order to utilize the energy 
stored in the chemical bonds, electrochemical reactions occur at the electrodes and 
the resulting ions are transported through the electrolyte membrane, with concurrent 
electron transport through an external circuit to do useful work. Specifically, at the 
anode, hydrogen is electrochemically oxidized to protons and electrons, while at the 
cathode, oxygen is electrochemically reduced to form water. The half-cell reactions, 
(1.2) and (1.3), for a proton-conducting electrolyte sum to the net reaction (1.1). 
                                                              
                                                  
                                        
                                                           
 
Figure 1.4 : A simple schematic of a fuel cell based on a proton-conducting 
electrolyte membrane.   
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1.3 Purpose of Thesis 
The main aims of this research are to develop cathode catalysts with high catalytic 
activitiy performance, to examine kinetic parameters, to determine the hydrogen 
peroxide formation and the mechanism of the electrocatalytic reduction of molecular 
oxygen on carbon supported platinum and  platinum-based binary nanoparticles in 
acidic electrolyte at low temperature. Investigation of the oxygen reduction reaction 
kinetics on nano-sized binary catalysts, is of great importance in the advancement of 
the proton-exchange-membrane fuel cell (PEMFC) technology. The electrocatalytic 
conversion for the direct four-electron reduction of oxygen to water, is extremely 
important in terms of clean energy. In this content, this study involves the following 
activities : 
• To develop a synthesis method of nano particles using microwave irradiation 
offering a good dispersion with nano sized particles.  
 To evaluate the electrochemically active surface area using cycle 
voltammetry in N2 deareted 0.1 M HClO4 electrolyte. 
 To examine the oxygen reduction activity using rotating disk and rotating 
ring disk electrode techniques as a function of different rotation rates in O2 
saturated 0.1 M HClO4 electrolyte. 
 To investigate the reaction pathway and  kinetic parameters of the oxygen 
reduction reaction by using rotating disk electrode and rotating ring disk 
electrode.  
 To determine the kinetic parameters related to synthesized catalysts by means 
of Koutecky-Levich approach.  
 To identify the peroxide formtion at the ring electrode during the  molecular 
oksijen reduction at the disk electrode using rotating ring disk electrode. 
 To examine the morphological and structural properties of the catalysts via 
high resolution transmission electron microscopy, X-ray diffraction analysis 
and thermal gravimetric analyisis.  
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Oxygen reduction is a multi electron reduction that may include a number of 
elementary steps involving various series-paralel pathways. The goals of this study 
are to determine the electrocatalytic activity and the kinetic parameters of the 
electrocatalytic reduction of molecular oxygen on synthesized catalysts. There are 
mainly two pathways for oxygen reduction in acidic media either 4 electron 
reduction or 2 electron reduction pathway. Therefore, the measured disk current for 
oxygen reduction includes the current from 2 electron reduction and 4 electron 
reduction pathway.  Even if molecular oxygen reduction appears to be simple, it has 
multi electron reaction, which may include a number of elementary steps involving 
different reaction intermediates. It is known that hydrogen peroxide tends to attack 
the membranes and accelerate the dissolution of Platinum which leads to a 
deterioration of the durability. In order to avoid corrosion of carbon supports other 
materials by peroxide, it is desired to achieve high selectivity a 4-electron reduction. 
1.4 Literature Review  
1.4.1 Microwave assisted polyol reduction method  
In this study, a polyol process assisted by microwave activation was used to 
synthesis highly dispersed on the carbon supported Pt-, PtCr-, PtSn-, PtNi-, and 
PtCo- catalyts. The polyol synthesis process is a proven technique for preparing 
colloidal metal particles. In order to save time and energy, polyol reduction method 
was combined microwave irradiation technology. In this method, carbon supported 
electrocatalysts are formed by dissolving the precursor salts in diethylene glycol, 
since the high reduction ability of the diethylene glycol at elevated temperatures. 
Owing to the microwave activation time, the temperature and the viscosity of 
diethylene glycol, the nanosized binary catalyst powders were synthesized[21-23]. 
The principle of microwave heating of polar molecules is shown in Figure 1.5 for the 
case of H2O. In the microwave frequency range, polar molecules such as H2O try to 
orientate with the electric field. When dipolar molecules try to re-orientate with 
respect to an alternating electric field, they lose energy in the form of heat by 
molecular friction. A typical experimental apparatus used for the microwave heating 
is shown in Figure 1.6.[24]. The microwave technique has also been found to be a 
potential method for the preparation of the catalysts containing highly dispersed 
metal compounds on highporosity materials. Microwave radiation can be used to 
10 
 
prepare new catalysts, enhance the rates of chemical reactions, by microwave 
activation, and improve their selectivity, by selective heating. 
 
Figure 1.5 : Heating mechanism of H2O by using microwave irradiation [24].  
The heating of the catalytic material usually depends on several factors including the 
size and shape of the material and the exact location of the material in the microwave 
field. Its location depends on the type of the microwave cavity used.  
 
Figure 1.6 : Apparatus used for the microwave-assisted synthesis of metallic 
nanostructures [24].  
The interaction of microwaves with solid materials has proven attractive for the 
preparation and activation of heterogeneous catalysts. It has been suggested that 
microwave irradiation modifies the catalytic properties of solid catalysts, resulting in 
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increasing rates of chemical reactions. It is evident that microwave irradiation creates 
catalysts with different structure, activity and/or selectivity[23, 25].  
1.4.2 Molecular oxygen  
The aim of the molecular orbital theory is to describe molecules in a smiliar way to 
how we describe atoms, that is, in terms of orbitals, orbital diagrams, and electron 
configurations. Molecular orbitals are formed from the overlap of atomic orbitals. 
When two atomic orbitals overlap, they interact in two extreme ways to form two 
molecular orbitals, a bonding molecular orbital and an anit-bonding molecular 
orbital. The molecular orbital diagram of oxygen molecule is shown in Figure 1.7.  
 
Figure 1.7 : Molecular orbital diagram of oxygen [26].  
The molecular orbitals are filled in a way that yields the lowest potential energy for 
the molecule. According to Hund’s rule, in the ground state, O2 possesses two 
unpaired electrons located in a doubly degenerate π* antibonding orbital. The 
maximum number of electrons in each molecular orbital is two for Pauli exclusion 
principle. According to the valence bond theory, molecular oxygen is paramagnetic, 
with two unpaired electrons. Molecular orbital theory predicts a structure consistent 
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with this observation. For molecular oxygen, the σ2p orbital is lower in energy than 
π2px and π2pz orbitals. Each oxygen atoms has eight electron, so the O2 molecule has 
16 electrons. According to Figure1.7, the bond oreder is two. When O2 undergoes 
reduction, the electrons added occupy anti-bonding orbitals, decreasing the bond 
order of O-O. This increases the O-O bond distance and vibration frequency 
decreases [26, 27].  
1.4.3 Electrochemical oxygen reduction pathways  
In order to achieve a high power application, the mechanisim of the electrochemical 
reactions and the electrode kinetics have been the main research interest over several 
decades. The kinetics and mechanism of oxygen reduction reaction have been 
investigated with a wide range of cathode materials and in a variety of aqueous 
electrolytes. Cathodic oxygen reduction reaction has technological importance in the 
development of electrochemical devices and many industrial electrolytic processes. 
Because of the high overpotential as to oxygen reduction in low-temperature fuel 
cells with aqueous electrolytes, commercialization of this technology require to cope 
with the kinetic problems of the reaction. Conventional Vulcan XC-72 Carbon 
supported platinum catalysts are the best for oxygen reduction reaction [22, 28, 29].  
The kinetics and mechanism related to cathodic reduction of molecular oxygen are 
function of many experimental factors, including the type of cathode material and 
electrolyte. That’s why cathode material should be sensitive to molecular oxygen in 
terms of surface properties and conductivity and the electrolyte should be sensitive to 
molecular oxygen in terms of concentration and temperature.  The electrocatalytic 
oxygen reduction in aqueous electrolytes may proceed by two overall pathways. 
These are “direct 4-electron pathway” and “peroxide pathway”. The direct 4-electron 
pathway involves a number of steps in which O2 is reduced to OHˉ or H2O. The 
reduction steps may involve an adsorbed peroxide intermediate, but this species 
doesn’t lead to peroxide in the solution phase. On the other hand, the peroxide 
pathway involves peroxide species that are present in solution. To provide the direct 
4-electron reduction pathway is the main goal of this study. Direct 4-electron 
pathway is on display in alkaline solution via reaction (1.4) and in acid solution via 
reaction (1.5).  
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Peroxide pathway in alkaline solution is carried out by means of reaction (1.6), and 
followed by either the reduction of peroxide via reaction (1.7) or the decomposition 
of peroxide via reaction (1.8).  
                                      
         
                                          
                               
          
                                                        
                                              
                                                                           
Peroxide pathway is on display in acid solution via reaction (1.9), and followed by 
either the reduction of peroxide via reaction (1.10) or the decomposition of peroxide 
via reaction (1.11).  
                                         
                                                          
                                            
                                                    
                                                                                                                          
Oxygen reduction proceeds either via a direct reduction to water or via an indirect 
reduction. In the latter case hydrogen peroxide is formed as intermediate or side 
product, which might accumulate substantially in the electrolyte phase. Several 
different models were developed during the last decades to describe the interplay 
between the two competing reactions. Various authors proposed different reduction 
pathways [30-33], among the molecular oxygen reduction pathways, the most widely 
used reaction scheme proposed in Figure1.8 [33-35].  
 
Figure 1.8 : Proposed model for oxygen reduction in aqueous electrolytes [34]. 
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Based on the reaction scheme shown in Fig. 1.8, O2 can be electrochemically 
reduced either directly to water with the rate constant k1 and Eq.1.4. (‘direct’ 4e- 
reduction) or to hydrogen peroxide with the rate constant k2 and Eq.1.5  (‘series’ 2e- 
reduction). The adsorbed hydrogen peroxide can be chemically reduced to water with 
the rate constant and k3 and Eq.1.6 (‘series’ 4e- pathway) and chemically 
decomposed to form oxygen (k4 and Eq. 4), or desorbed into the bulk of the solution 
(k-6). The molecular oxygen in a bulk electrolyte solution can easily transported to 
the electrode surface by convective-diffusion (k5). In order to avoid unnecessary 
complex expressions, adsorption and desorption rate (k6 and k-6) of H2O2 on the 
electrode being very fast and H2O2 oxidation rate (k-2) can be neglected.  
1.4.4 Hydrogen peroxide  
Hydrogen peroxide, H2O2, is a strong oxidising agent commercially available in 
aqueous solution over a wide range of concentrations. It is a weakly acidic, nearly 
colourless that is miscible with water in all proportions. Hydrogen peroxide (H2O2) is 
nowadays an important chemical, usually related to green and sustainable chemistry 
due to applications of the hydrogen peroxide in widely area. We can summurize the 
application area of the hydrogen peroxide as below. Paper industry, used as a 
bleaching agent and for the deinking in wastepaper recycling; textile industry used as 
a bleaching agent, oxidizer and desizing agent; environmental protection used for the 
detoxification and colour removal of wastewater; off-gas treatment and for 
bioremediation of contaminated soil; pharmaceutical and cosmetic industry used as a 
disinfectant and bleaching agent; detergent and cleanser industry; packaging and 
food industry used as a disinfectant for aseptic packaging and bacteria control [36, 
37].  
1.4.5 Mass transport  
The factors which affect the electrode reaction rates can be listed in a four main 
topic. These are mass transfer (diffusion, migration, convection), electron transfer, 
chemical reactions and other surface reactions (adsorption, desorption). The 
electrochemical reactions differ from chemical reactions in two ways: (i) 
Electrochemical reactions do not occur by means of collisions between the reactants 
unlike in the case of chemical reactions. (ii) Chemical reactions generally involve 
heat, but the energy involved in electrochemical reactions is in the form of electrical 
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energy but not heat. As a consequence of this, energy conversion by means of 
electrochemical devices (batteries and fuel cells) does not involve the Carnot 
limitation [38].  
Electrode process consist of the electrode reaction and the mass transport process. 
Electrode process involve all the changes and processes occuring at the electrode 
and/or in vinicity while current flows through the cell. Ions and neutral species that 
participate in the electrochemical reactions at the anode or cathode side have to be 
transported to the respective electrode surfaces. The general pathway as to the 
elctrocative species in the solution can be clearly shown in Figure 1.9.  
 
Figure 1.9 : Pathway of a general redox reaction on electrode surface.  
Migration : In a bulk electrolyte solution the current is related to the montion of ions 
under the influence of the electric field. Owing to the this potential gradient, anionic 
and cationic species in the solution migrate towards the electrode surface of anode 
and cathode, respectively.    
Diffusion : Due to the unsaturated surface of the electrode, a mass transfer takes 
place between electrode surface and electrolyte by means of the occured 
concentaration gradient. 
Convection : stirring or hydrodynamic transport. Generally fluid flow occurs because 
of natural convection (convection caused by density gradients), and forced 
convection and may be characterized by stagnant regions, laminar flow, and 
turbulent flow.  
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1.4.6 Pt and Pt alloy catalysts  
Examination of the oxygen reduction reaction on various transition metals, including 
Pt, Pd, Rh, Ir, and Au began in the 1960s. Platinum (Pt) is one of the most active 
metal catalysts toward many electrochemical reactions, such as anodic oxidation of 
small molecules and cathodic resuction of molecular oxygen in PEM fuel cells. 
Metal nanoparticles have attracted a great deal of interest in scientific research and 
industrial applications due to their unique properties based on large surface-to 
volume ratio and quantum size effect [39-42]. Metal nanoparticles larger than a few 
ten nm in size show physical and chemical properties similar to the corresponding 
bulk metals. Mainly because it is the surface reactivity of platinum, which is the 
basis of the catalytic processes. The relationship of the chemical interactions and 
reaction steps at the electrochemical interface provides one of the most challenging 
aspects of electrocatalysis. From not only the scientific but the technological point of 
view, bimetallic nanoparticles composed of two different metal elements are of 
greater interest and importance than monometallic.  
 
Figure 1.10 : Trends in oxygen reduction activity plotted as a function of the oxygen 
binding energy [37].  
Scientists have especially focused on bimetallic nanoparticles as catalysts because of 
their novel catalytic behaviors affected by the second metal element added [43, 44].  
Compared to other transition metals, Pt adsorbs oxygen with intermediate bond 
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strength. Pt adsorbs oxygen strongly enough to be reduced, but not so strongly that 
the surface oxidizes. And the transition metals, for instance Ni, Co, Cr, Fe , adsorb 
oxygen so strongly that the surface fully oxidize, while Au adsorbs oxygen so 
weakly that it does not stick to the surface. Several studies have applied this 
phenomenon to Pt alloys, attempting to use the adsorption energy of atomic oxygen 
as a metric for characterizing Pt-alloy catalysts [37].  
A catalyst is a substance enhancing the rate of a chemical reaction without being 
changed in the process. During the reaction it can become a different entity, but after 
the catalytic cycle is complete, the catalyst is the same as at the start. The function of 
the catalyst is to reduce the activation energy of the reaction pathway. Catalysts can 
be heterogeneous, homogeneous or biological. Platinum-based alloy nanoparticles on 
high surface area carbon (e.g. Vulcan XC-72) are the most widely used 
electrocatalysts in PEM fuel cells for both the cathode and the anode reactions. The 
main advantage of the carbon support is to disperse the ultra fine electrocatalyst 
particles [21, 22, 25]. Because of the significant cathodic overpotential and the high 
cost of platinum, a development of alternative electrocatalysts are desired. Alloying 
Pt with transition metals such as Ni, Co [45-48], Fe [23,49], Te [50], Sn [51,52] and 
Ru [53] has proved to be a better alternative for supported Pt catalysts in terms of 
better electrocatalytic activity and lower cost in acid or alkaline media.  Three types 
of interactions that are proposed by Yeager [54] for oxygen on electrocatalysts 
surface of a transition metal and metal oxides are represented schematically in figure 
1.11 and the resulting possible reaction pathways are shown in Figure1.12.  
 
Figure 1.11 : Models for the adsorption of oxygen reduction on catalysts surface a) 
Griffiths modell, b) Pauling Modell, c) Bridge modell [56, 57].  
According to the Griffiths model and bridge model, although adsorption on both 
sides, stretches the O-O binding  and thus prepares the decomposition of the oxygen 
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molecule. According to the Pauling model, molecular oxygen is adsorbed one-sided 
and the O-O binding remains almost unchanged. Therefore Pauling modell is 
preferred for the formation of peroxide. Griffiths modell and bridge modell are 
preferred for the four electron reduction to water [54-57]. It is so clear that to obtain 
a four-electron reduction leading to water as the main product, the two neighboring 
adsorption sites is required for the oxygen molecule.  
 
Figure 1.12 : Models for adsorbed oxygen and corresponding reaction pathways 
related to oxygen redection in an acid surrounding [35, 56, 57]. (M : 
metal, O : oxygen)  
1.4.7 Rotating disk electrode (RDE)  
The electroanalytical techniques are known involving electrodes which itself are in 
motion with respect to the electrolyte. These techniques include rotating disk, 
rotating ring, rotating wire, streaming mercury electrodes, or rotating mercury 
electrodes. The important advantage of the hydrodynamic voltammetry is that the 
mass transfer to the electrode surface is faster than in case of stationary electrodes 
where mass transfer is determined solely by diffusion [58, 59]. A rotating disk 
electrode is made up of a circular electrode surrounded by an insulator as shown in 
Figure 1.13. The electrode rotates with a defined constant velocity around the 
rotating axis, which is perpendicular to the electrode surface. The knowledge of the 
velocities in radial and vertical direction, which can be obtained via the Navier 
Stokes equations, allows the calculations of the mass transport to the disk surface 
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through a diffusion layer with the thickness according to the following equation 
(1.12),  
                                                
                                                      
where υ represents the kinematic viscosity of the electrolyte, D represents the 
diffusion coefficient of the reactant in the electrolyte, and ω represents the rotation 
rate of the electrode (rad/s). According to the equation 9, the thickness of the 
diffusion layer of a chosen system depends only on the rotation rate [51]. 
  
 
 
Figure 1.13 : Scheme of a rotating disk electrode (RDE) setup with streamlines[35]. 
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1.4.8 Rotating ring disk electrode (RRDE) 
The rotating ring disk electrode was firstly described as a suitable tool to analysis the 
multi step electrode reactions by A.N. Frumkin, L.N. Nekrasov, V.G. Levich and 
J.B. Ivanov in 1959. The rotating ring disk electrode technique is used to investigate 
the hydrogen peroxide formation occuring during the cathodic oxygen reduction 
reaction. A ring current due to the hydrogen peroxide formation is observed at a 
constant disk potential.  
  
 
 
Figure 1.14 : Schematic diagram of a ring disk electrode with ring and disk 
separated by an insulator [35].  
A rotating ring disk electrode consists of two concentric electrodes, an inner disk 
electrode with radius r1 and ring electrode with inner radius r2, and outer radius r3, 
which are separated by an insulating gap (thickness r2-r1) as shown in Figure 1.14.  
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The diffusion limiting current density on the ring elcetrode is evaluating by using Eq. 
1.13.  
                          
        
   
            
                                                
                                                       
  
 
  
   
  
 
  
                                                                        
The intermediate species generated on the disk electrode are transported to the ring 
electrode through radial convection. These species are detected at the independently 
potentiostated ring electrode under pure diffusion control [58-60].  
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2. EXPERIMENTAL  
2.1 Instrumentation  
Microwave assisted polyol reduction synthesis were carried out by using Sineo 
Mass-II microwave synthesis extraction workstation. MAS-II is an enhanced 
microwave synthesis reaction workstation made for various reaction conditions. 
Advanced microwave power auto-adjust function based on reaction temperature 
would generate non-pulse continuous microwave power for maximum microwave 
effect under specific reaction condition. Mechanical and Magnetic stirring devices 
are transferable, stirring speed is visible and adjustable. Microwave power would be 
dynamically adjusted between 0 – 1000W based on reaction temperature.  
 
Figure 2.1 : Sineo Mass-II microwave synthesis extraction workstation.  
Voltammetric measurements were carried out by using Parstat 2273 potensiostat 
(Princeton applied research) and Voltalab PGZ 402 (Radiometer analytical) 
potentiostat with a three elecrode system consisted of a working electrode, an 
auxilary carbon electrode and a a Hg/HgCl2 (sat. KCl) used as reference electrode. 
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Bandelin Sonorex model ultrasonic bath was used for preparation of solutions and 
cleaning the electrodes.  
 
Figure 2.2 : Voltalab PGZ 402 potensiostat for voltammetric measurements.  
 
Figure 2.3 : Parstat 2273 potensiostat for voltammetric measurements.  
Electrochemical rotating disk electrode (RDE, Radiometer Copenhagen EDI101) 
consisted of a glassy carbon disk (0.071 cm
2
 geometric area) sealed in a 
polytetrafluoroethylene holder. The rotating ring disk electrode (RRDE, Pine 
Instrument) consisted of a glassy carbon disk (0.196cm
2
 geometric area) and a Pt 
ring (0.442cm
2
 geometric area) sealed in a polytetrafluoroethylene holder. The 
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electrochemical measurements were performed with a bipotentiostat and rotation 
control (Pine Instrument).  
 
Figure 2.4 : Pine Instrument Bipotentiostat for RRDE measurements.  
To characterize the morphological observation of electrocatalyst surface, transmisson 
electron microscopy (TEM) measurements were carried out with a JEOL JEM-
2100VRP high-resolution transmission electron microscope performing at 200 kV 
accelerating voltage with LaB6 emitter. The crystalline structures of the catalysts 
were characterized using Philips XRD PW 1830 generator. The metal loading of 
each electrocatalyst was confirmed by performing a thermo gravimetric analysis with 
a TDA/TGA TA Instruments SDT Q600.  
2.2 Materials  
All chemicals used were of analytical grade. H2PtCl6.6H2O (≥37.5% metal based, 
Sigma Aldrich), SnCl2.2H2O (99.995% metal based, Sigma Aldrich), CrCl3 (Sigma 
Aldrich), NiCl2.6H2O (Sigma Aldrich) and CoCl2.6H2O (Acros Organics) were used 
as metal precursors. Catalytsts synthesized were supported on Vulcan XC-72(Cabot). 
Diethylene glycol (DEG) (Merck-for synthesis) and HClO4 (70% Merck-Suprapur) 
were used as a reducing agent and electrolyte respectively. Nafion® perfluorinated 
ion-exchange resin (5 wt% from Aldrich), NaOH (reagent grade %97 Sigma 
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Aldrich), K3[Fe(CN)6] (min. 99% pro analysiMerck), C3H6O (≥ 99.8 purity, Merck) 
All solutions were prepared with ultra pure water (Millipore MilliQ, 18MΩ.cm).  
Table 2.1 : List of the chemical materials used in experiments.  
Material Name Metal basis Company 
H2PtCl6.6H2O Chloroplatinic acid 
hexahydrate 
≥ 37.5 %  
metal based,  
Sigma Aldrich 
SnCl2.2H2O Tindicholoride 
dihydrate 
99.9995 %  
metal based,  
Sigma Aldrich 
CrCl3 Trichlorochromium - Alfa Aesar 
NiCl2.6H2O Nickeldicholoride 
hexahydrate 
99.9999 %  
metal based, 
Sigma Aldrich 
CoCl2.6H2O Cobaltdicholoride 
hexahydrate 
99.9999 %  
metal based, 
Acros Organics 
C4H10O3 Diethylene glycol - Merck-for 
synthesis 
HClO4 Percholoric acid min. 70%  Merck-Suprapur 
NaOH Sodium hydroxide reagent grade 
%97 
Sigma Aldrich 
K3[Fe(CN)6] Hexacyanidoferrate(III) min. 99%  pro analysis 
Merck 
C3H6O Acetone ≥ 99.8 purity  Merck 
Nafion perfluorinated  
ion-exchange resin 
5 wt % solution 
in a mixture of 
lower aliphatic 
alcohols 
Aldrich 
 
KCl Potassium cloride - Merck 
H2O Water 18MΩ.cm Millipore MilliQ 
 
2.3 Methods  
2.3.1 Synthesis of the catalysts  
The synthesis technique used is based on well known “microwave assisted polyol 
reduction” method. Pt nano particles were prepared by dissolving of 1g/L 
H2PtCl6.6H2O in diethylene glycol. Then pH value of the sysnthesis solution was 
adjusted to 11 using NaOH, which assisted in the formation of colloidal hydroxide 
salts. The pH value is of great importance for the size control of the catalysts. 
Therefore, diethylene glycol acts as solvent as well as reducing agent for the 
precursor salts. Later, Carbon Vulcan XC-72 thermally treated for 2h at 400
o
C under 
nitrogen atmosphere is added to the synthesis solution in order to obtain 40 wt % 
metal loading of the catalyst. This suspension was deoxygenated by bubbling N2 for 
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and then heated at reflux for 30 min. Finally, the synthesized catalyst suspension was 
washed with acetone and ultra pure water via centrifugal. After the centrifugal 
process the precipitate was dried in an oven overnight and the thermal treatment was 
performed at 250ºC to remove the surface contaminations. The Pt-based binary 
(PtCr, 3:1 atomic ratio), (PtSn, 3:1 atomic ratio), (PtNi, 3:1 atomic ratio), (PtCo, 3:1 
atomic ratio) nanoparticles were synthesized by a similar technique with a co-
reduction of nanoparticles.  
2.3.2 Preparation of the working electrode  
Glassy carbon electrode was activated by polishing with different grade of Al2O3 
slurry (0.05 – 3.0 micron) on a synthetic cloth then rinsing with pure water and 
ultrasonicated for 5 minutes in ethanol and water, respectively. The working 
electrode was prepared by dropping of a catalytic ink on a freshly polished glassy 
carbon disc (0.071 cm
2
 geometric surface area). A portion of ink, yielding total metal 
loading of 0.14 mg.cm
-2
, was droped with a microsyringe onto a freshly polished 
glassy carbon electrode. Catalytic suspension was prepared dissolving required 
amounth of catalyst powder in Nafion solution and  ultra pure water mixture under 
ultrasonic dispersing. 
2.4 Electrochemical Measurements  
2.4.1 Rotating disk electrode (RDE) studies  
Electrochemical rotating disk electrode (RDE, Radiometer Copenhagen EDI101) 
experiments were conducted in a thermostated standart three-compartment 
electrochemical cell at 20ºC in 0.1M HClO4 electrolyte. The working electrode, 
which has 25µg of catalytic powder yield, was prepared by dropping a catalytic ink 
onto the freshly polished glassy carbon disk. A saturated calomel electrode (0.244 V 
vs RHE) and the glassy carbon plate (5cm
2
 geometric surface area) were the 
reference electrode and the counter electrode, respectivly. To avoid the electrolyte 
contamination by chlorides the reference electrode separated from the working 
electrode compartment by a closed Luggin-Haber ionic bridges. The working 
electrode potential is controlled by an applied driving potential difference between 
reference and working electrodes. Owing to the very short distance between the 
Luggin-Haber capillary and the working electrode, in the most cases ohmic (iR) 
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corrections are not required. All potentials used were converted to reversible 
hydrogen electrode (RHE) scale.  
2.4.2 Rotating ring disk electrode (RRDE) studies  
The rotating ring disk electrode (RRDE, Pine Instrument) consisted of a glassy 
carbon disk (0.196 cm
2
 geometric area) and a Pt ring (0.442 cm
2
 geometric area) 
sealed in a polytetrafluoroethylene holder. The electrochemical measurements were 
performed with a bipotentiostat and rotation control (Pine Instrument). The Pt ring 
electrode potential was kept at 1.2V (RHE), at which all H2O2 molecules that reach 
at the ring were oxidized to H2O.  
2.5 Physical Characterization  
2.5.1 Thermal gravimetric analysis (TGA)  
The metal loading of each electrocatalyst was confirmed by performing a thermo 
gravimetric analysis with a TDA/TGA TA Instruments SDT Q600. 10 mg of 
catalytic powder was put in an alumina crucible and heated from 25 to 800°C 
temperature range under 100 mL min
-1
 air flow with a heating rate of 5°C min-1. The 
mass activity (mA/mgPt) and the specific activity (mA/cm
2
Pt) of the catalysts were 
calculated by using the actual weight of Pt with respect to the TGA results.  
2.5.2 X-ray difraction (XRD) analysis  
XRD is used to identify crystalline phases inside catalysts by means of lattice 
structural parameters, and to obtain an indication of particle size. The crystalline 
structures of the catalysts were characterized using Philips XRD PW 1830 generator 
and CuKα (1.54056 Å) radiation. X-ray diffraction pattern of the synthesized 
catalysts was obtained between 20
o
 - 90º scan range. The width of the (220) peak was 
used to calculate the average crystallite size according to Scherer‘s equation and the 
Bragg formula was employed to calculate the lattice parameters of the catalysts.  
2.5.3 High resolution transmission electron microscopy (HR-TEM) analysis  
The morphology of the catalysts on Vulcan XC-72 carbon, catalyst size and particle 
distribution were obtained by JEOL JEM-2100VRP high-resolution transmission 
electron microscope (HR-TEM) working at 200 kV accelerating voltage with LaB6 
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emitter. The point and linear resolution were 0.19 nm and 0.14 nm, respectively. The 
samples were prepared from specific amount of catalyst powder stirred in ethanol. A 
few drops were dripped onto C coated Cu grids, then the solvent was evaporated. 
Because the support is electronically conducting, the materials are free of nuisances 
like charging. The determination of the nanoparticle size distribution was performed 
with the ImageJ free software and estimated from the measurement of approximately 
400 nanoparticles.  
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3. RESULTS AND DISCUSSION  
3.1 Rotating Disk Electrode (RDE) Measurements  
3.1.1 Cyclic voltammetry  
Cyclic voltammetry is a type of potential controlled electrochemical techniques, 
which is of used to examine the electrode’s electrochemical propertiaes. Cycle 
voltammograms can provide qualitative information about the catalysts and 
electrochemical response of catalysts and catalytic activity of the catalysts with 
respect to some electrochemical reactions.  
 
Figure 3.1 : Cycle voltammograms of the Pt and PtCr catalysts in N2 deareated 0.1M 
HClO4 recorded at 50mV/s and 20ºC.  
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Figure 3.1 shows the steady-state cyclic voltammograms of Vulcan XC-72 carbon 
supported Pt and PtCr in oxygen free electrolyte at 50 mV/s scan rate at 20°C. There 
are three characteristic potential regions for cycle voltammogram of Pt electrodes in 
Figure 3.2. Hydrogen is adsorbed on the cathodic sweep and oxidized on the anodic 
sweep, giving rise to two pairs of peaks between 0.05V and 0.30V at the hydrogen 
adsorption/desorption region. In the double layer region, between 0.3 and 0.65V for 
anodic sweep direction and between 0.3 and 0.45V for cathodic sweep direction, no 
electrochemical reactions occur and the current recorded is because of the 
accumulation of charges from the electrolyte at the polarized interface. Oxygen 
molecules start to be chemisorbed oxide species are formed above the 0.65V in 
anodic sweep direction. It is the region that oxide formation on the electrode surface 
in acidic media is due to activation of the water molecules via oxidation above 
0.65V. The oxygen reduction current starts to increase at the cathodic scan direction 
with the reduction of oxide species on the electrode surface until the surface become 
again available for oxygen to adsorb.  
 
Figure 3.2 : Cycle voltammogram of the carbon supported Pt catalyst in N2 
deareated 0.1M HClO4 recorded at 50mVs
-1
 and 20ºC.  
As shown in Figure 3.3, the onset of the oxide formation shifts towards more positive 
potential on binary PtCr/C, PtSn/C, PtNi/C, PtCo/C, suggesting that bimetallic 
alloying effects the interaction of the H2O and the supporting electrolyte. A 
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comparison of the cycle voltammograms of Pt and binary electrocatalysts indicate 
the difference in the onset of oxide formation on electrode surface. While the anodic 
oxide formation related to Pt/C at around 0.67V (RHE), binary electrocatalysts 
exhibit a significantly difference in anodic oxide formation at around 0.70 and 0.80V 
(RHE). The onset of anodic oxide film is directly related to the amount of free water 
available in the supporting electrolyte. Since the activity of water used in the acid 
electrolyte is the same, it follows that Pt-Cr, Pt-Sn, Pt-Ni, Pt-Co, bimetallic alloying 
causes the high onset potential of anodic oxide layer [61-64].  
 
Figure 3.3 : Cyclic voltammograms of the synthesized electrocatalysts in N2 
deareated 0.1M HClO4 recorded at 50mVs
-1
 at 20ºC.  
It can follow form the cycle voltammograms in Figure 3.3 that the small shift in the 
potential of the platinum oxide reduction peaks towards higher potential for binary 
electrocatalysts compared to Pt/C electrocatalyst which is referred a decrease of the 
desorption of free energy of oxide species. This means that the adsorption strength of 
adsorbed oxygen species on platinum in the bimetallic catalyst is lower than on 
monometallic catalyst [65, 66].                                                                              
We can deduce from the Figure 3.4 that the catalysts powders prepared for 
electrochemical experiment have stable surface. There is no any physical and/or 
chemical unpurity adsorption on the surface of electrocatalysts inquestion.  
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Figure 3.4 : Cycle voltammograms of the synthesized electrocatalysts in N2 
deareated 0.1M HClO4 recorded at 50mVs
-1
 at 20ºC.  
3.1.2 Determination of the electrochemically active surface area  
The utilization of the so-called electrocatalysts in the RDE can be realized from the 
comparison of the electrochemically active surface area. Using the cycle 
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voltammograms with suitable potential windows and scan rates, reproducible surface 
conditions for most metals and alloys can be obtained [67].  
The cycle voltammograms related to electrocatalysts, presented in Figure 3.5, are 
used to determine the electrochemically active surface area and the electrode real 
surface area are calculated from cyclic voltammograms by using Eq. 3.2 and Eq. 3.3, 
respectively. The charge (QH) occurring during the hydrogen adsorption/desorption 
potential region is given by Eq. 3.1 with the potential E, the scan rate υ, and the 
current i.  
                                                                  
∫     
 
                                                             
                                            
  
                     
                                         
                                                         
  
          
                                                        
where QH (µC) represents the charges corresponding to electrosorption of hydrogen 
on the Pt surface, QH(ML) represents the charge required to oxidize a monolayer of 
hydrogen on Pt surfae (210 µCcm-2), 0.77 represents a constat regarding the 
hydrogen monolayer coverage, mPt is the mass of the catalyst on the electrode 
surface (mgPt.cm
-2
),  and Ageo is the geometric surface area of the glassy carbon 
working electrode (0.071cm2) [67-69].  
The finding results related to the electrochemical characterization values of the 
investigated electrocatalysts are listed in Table 3.1. To understand the properties and 
reactivity of the electrocatalysts synthesized to determine the physical topography, 
chemical composition, chemical structure and atomic sturcture is an important factor. 
We can deduce insight the experimental data of cycle voltammetry that bimetallic 
electrocatalysts exhibit relatively higher electrochemically active surface area and 
high electrode roughness compare to Pt/C. In addition, the total charge obtained 
under the hydrogen adsorbtion/desorbtion region is significantly different depending 
upon on the total metal loading. Moreover, electrocatalysts have a very high metallic 
surface area that is, in the range of 43.5, to 120 m
2
 per g of metal, producing a very 
high concentration of active sites per unit volume of electrode. This presents a 
special set of challenges in obtaining true kinetic measurements of the rates of 
electrochemical reactions. By the addition of the transition metals to platinum the  
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surface rougness factor increase, connoting the suitable surface of the catalysts for 
electrochemical reactions.  
Table 3.1 : Comparison of hydrogen electrosorption charge (QH), electrochemically  
active surface area (EAS), electrode real surface area (ERS), roughness  
factor (rf) related to electrocatalysts.  
Catalyst QH 
(µC) 
EAS 
(m
2
 g
-1
Pt)  
ERS 
 (cm
2
) 
rf 
(cm
2
 cm
-2
) 
Pt/C 575.40 43.50 3.56 50.11 
PtCr/C 675.10 49.99 4.17 58.79 
PtSn/C 807.19 70.59 4.99 70.30 
PtNi/C 1022.90 118.79 6.32 89.09 
PtCo/C 982.43 95.08 6.07 85.57 
 
 
Figure 3.5 : Anodic and cathodic charge loading of the PtSn/C electrocatalyst 
obtained by cycle voltammetry in N2 deareated 0.1M HClO4 recorded at 
20 mVs
-1
 and 20
o
C.  
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Figure 3.6 : Hydrogen electrosorption voltammograms for Pt/C, PtCr/C PtSn/C 
PtNi/C and PtCo/C in N2 deareated 0.1M HClO4 recorded at 20 mVs
-1
 
and 20
o
C. 
3.1.3 Kinetic activity of electrocatalytic oxygen reduction 
It is important for the evaluation that mass transfer to the disk surface can be 
quantitatively calculated for determining the kinetically controlled current density. 
The oxygen reduction current density can be written as dependent on the kinetic 
current density and the diffusion-limited current density as Koutecky-Levich 
approach (in Eq.3.4) made possible to assess the kinetic parameters.  
                                            
 
 
 
 
  
 
 
  
 
 
  
                                                            
According to the Eq.3.4, j, is the measured current density, jk is the kinetic current 
density controlled by electron transfer kinetics, jd is the diffusion-limited current 
density, and jf is the diffusion limiting current density inside the film, which can be 
negligible since the thickness of the film [58]. The same relation was used previously 
for determining the kinetic parameters of the electrocatalysts[47, 61, 70-73]. The 
diffusion limited current density can be elucidated in Eq.3.5.  
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where B is the Levich slope, n is the number of transferred electrons per reduced 
oxygen molecule, F is the Faraday constant (96485 mC mol
-1
), DO2 is the oxygen 
diffusion coefficient (1.7×10-5 cm2 s-1), ω is the rotation rate of the electrode in 
revolution per minute, v is the kinematic viscosity of the electrolyte (1.009×10-2 cm2 
s
-1
) and CO2* is the oxygen concentration in the considered electrolyte (1.26×10
-3
 
mol L
-1
). The values of these coefficients are referred to a 0.1M HClO4 solution[71, 
73]. According to the Eq. (3.5), the slopes of the straight lines, 1/B, allows one to 
assess the number of the electrons transferred in the oxygen reduction reaction. The 
theoretical value of B calculated from Eq.(3.5) for a 4e- reduction is 3.81×10-2 mA 
cm
-2
 rpm
-1/2
 (thus 1/B is 26.24 mA
-1
 cm
2
 rpm
1/2
).  
The rotating disk electrode measurements of the oxygen reduction reaction in 0.1M 
HClO4 were performed to test the electrocatalytic activity of the nano-sized Pt/C, 
PtCr/C, PtSn/C, PtNi/C, and PtCo/C electrocatalysts at 5 mV/s and 20°C. The 
rotating disk voltammograms of Pt/C electrocatalyst, as a function of the rotation 
rates, is shown in Fig. 3.7. The oxygen reduction under a mixed kinetic and diffusion 
control region in the potential range 0.9 and 0.6V followed by a purely diffusion-
limited region.  
 
Figure 3.7 : Polarization curves on Pt/C electrocatalyst at different rotation rates in 
O2 saturated 0.1M HClO4 recorded at 5 mVs
-1
 and 20ºC.  
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According to the these figures (3.5, 3.9a, 3.10a, 3.11a and 3.12a) the value of the 
curent densities related to the electrocatalysts inquestion are between 7.2 and 7.6 
mAcm
-2
, especially, Pt/C with 7.2 mAcm
-2
, and binary electrocatalysts are higher 
than 7.2 mAcm
-2
. This value corresponds to an oxygen reduction reaction pathway 
involving mainly four electrons to produce water. Current density for all catalysts 
increased proportionally increasing the rotation rate in diffusion controlled area. 
Koutecky-Levich plots in Fig. 3.8 demonstrate a linear function between inverse of 
the current densities versus inverse of the square root of the rotation rates. The 
intercept at the origin gives the inverse of the kinetic current density, 1/jk, which is 
given in Eq.(3.6).  
                                   
 
|  |
 
 
      | |   
 
 
  
                                                              
 
Figure 3.8 : Koutecky-Levich plots on Pt/C electrocatalyst at different rotation rates   
and different potential values in O2 saturated 0.1M HClO4 recorded at 5 
mVs
-1
 and 20ºC.  
The limiting current density in Figure 3.9 is obtained from mixed control by the 
adsorption of molecular oxygen at the catalysts surface jads, and diffusion of 
molecular oxygen in the film jfilm. Tafel plots of the kinetic current densities giving a 
straight line are drawn between    |
  
     
| versus potential in Fig. 3.10.  From the 
Tafel slope and the intercept at the equilibrium electrode potential, one could 
40 
 
estimate [         ⁄  ] value. Then the exchange current density is evaluated with 
the calculated (jl) value by using Eq.3.7.  
 
Figure 3.9 : Plot of limiting current on Pt/C electrocatalyst  in O2 saturated 0.1M 
HClO4 recorded at 5 mVs
-1
 and 20ºC.  
                                                                                                                              
The Tafel slope is a function of the transfer coefficient, α,  and temperature as seen in 
Eq.3.9.  
                                                             ⁄                                                                     
Tafel slopes may be reported in unit of mV/dec. The unit “dec” refers to decades of 
current density. A current density change from 10
-2
 mAcm
-2
 to 10
-1
 mAcm
-2
 is one 
decade[74]. The intrinsic catalytic activity of an electrochemical reaction is defined 
by the exchange current density, which is an important kinetic parameter 
representing the electrochemical reaction rate at equilibrium. For an electrochemical 
reaction, both forward and backward reactions can occur. At equilibrium, the net 
current density of the reaction is zero. The current density of the forward reaction 
and equals that of the backward reaction. This current density is called exchange 
current density. The magnitude of the exchange current density determines how 
rapidly the electrochemical reaction can occur [58, 75].  
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Figure 3.10 : Tafel plots for different potential regions on Pt/C electrocatalyst in O2 
saturated 0.1M HClO4 recorded at 5 mVs
-1
 and 20ºC.  
The exchange current density of electrocatalytic reduction oxygen reduction reaction 
is reported on Pt and Pt alloy catalysts. Since there are two Tafel regions, two 
exchange current densities are obtained. At low overpotentials, the exchange current 
density is around 10
-7
 mAcm
-2
, and at high overpotential, the exchange current 
density is around 10
-3
 mAcm
-2
. The values of exchange current density vary 
depending upon the catalyst as well as the research method.  
The mass activity is primarily of economic importance, since it directly indicates the 
cost of energy conversion related to the deployed amounth of catalysts. It is 
expressed in terms of mA/mgPt. The total kinetic current depends directly on the 
catalysts loading. The mass activity reflects the cost factor of a catalysts and is 
therefore of major importance in the development of economical catalysts for 
application. The spesific activity for the oxygen reduction reaction is expressed in 
terms of μA/cm2Pt.    
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Figure 3.11 : Polarization curves on PtCr/C electrocatalyst at different rotation rates 
b) Koutecky-Levich plots; c) plot of limiting current density; d) Tafel 
plots for different potential regions, in O2 saturated 0.1M HClO4 
recorded at 5 mVs
-1
 and 20ºC.  
 
Figure 3.12 : a) Polarization curves on PtSn/C electrocatalyst at different rotation 
rates b) Koutecky-Levich plots; c) plot of limiting current density; d) 
Tafel plots for different potential regions, in O2 saturated 0.1M HClO4 
recorded at 5 mVs
-1
 and 20ºC.  
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Figure 3.13 : Polarization curves on PtNi/C electrocatalyst at different rotation rates 
b) Koutecky-Levich plots; c) plot of limiting current density; d) Tafel 
plots for different potential regions, in O2 saturated 0.1M HClO4 
recorded at 5 mVs
-1
 and 20ºC.  
 
Figure 3.14 : a) Polarization curves on PtCo/C electrocatalyst at different rotation 
rates b) Koutecky-Levich plots; c) plot of limiting current density; d) 
Tafel plots for different potential regions, in O2 saturated 0.1M HClO4 
recorded at 5 mVs
-1
 and 20ºC. 
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Figure 3.15 : Comparison of the electrocatalytic reduction of oxygen mass activites 
on Pt/C, PtCr/C, PtSn/C, PtNi/C, and PtCo/C electrocatalysts.  
Figure 3.15a summarizes the electrocatalytic activity of Pt/C, PtCr/C, PtSn/C, 
PtNi/C, and PtCo/C catalysts towards oxygen reduction depending upon the mass 
activity. The binary electrocatalysts showed different electrocatalytic activity under 
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the same experimental conditions. The performance of the binary electrocatalysts in 
term of mass activity towards oxygen reduction was found to be very effective 
compared to Pt/C. The onset potential of oxygen reduction reaction as to the binary 
catalysts exhibited a positive shift approximately 100 mV than Pt/C on cathodic scan 
as shown in Figure 15b.The best mass activity towards oxygen reduction on PtNi/C 
could be served a synergistic activity in which metal atoms surrounding Pt provide 
effective sites for electrocatalytic reduction of oxygen. By the addition of Cr, Sn, Ni, 
and Co on Pt, the 5d vacancies of the surface increase, because the non-noble metals 
have more 5d vacancies than Pt. Such an increase of 5d vacancies led to an increased 
2π electron donation from O2 to dz2 orbital of Pt, so that O2 adsorption may increase 
and the O-O bond may weaken. Then the back donation from partially filled dxz and 
dyz orbital of metal to antibonding orbital of O2 is satisfied and oxygen reduction 
may be easier[48]. 
Table 3.2 : Kinetic parameters of the electrocatalysts calculated by Koutecky Levich 
analysis approach. Tafel slopes and exchange current densities at a) low 
current density region and b) high current density region.  
Catalyst jl 
(mAcm
-2
) 
-b 
(mVdec
-1
)
a
 
 
jo 
(mAcm
2
)
a
 
   -b 
((mVdec
1
)
b
 
jo 
(mAcm
-2
)
b
 
Pt/C 38.46 68.92 3.37×10-5 114.50 3.97×10-3 
PtCr/C 33.21 68.37 2.35×10-5 125.5 7.51×10-3 
PtSn/C 80.51 59.34 4.29×10-6 83.4 3.24×10-4 
PtNi/C 35.60 66.23 3.15×10-6 119.16 1.33×10-3 
PtCo/C 43.26 68.03 6.89×10-6 112.71 1.25×10-3 
 
The Tafel plots for oxygen reduction reaction attribute variable slopes ranging from 
60mVdec
-1
 at the lowest overpotentials to more than 240 mVdec
-1
 at the high 
overpotentials. Tafel slopes of the catalysts are : 68.92, 68.37, 59.34, 66.23, and 
68.03 mV/dec at low current regions and 114.50, 125.5, 83.4, 119.16, and  112.71 
mV/dec at high current region, for Pt/C PtCr/C PtSn/C, PtNi/C and PtCo/C, 
respectively in Figure 3.16. This can be explained in terms of the different adsorption 
isotherms of oxygenated species, either Temkin isotherm has high coverage of 
surface oxides and/or adsorbed oxygen intermediates at low overpotential or 
Langmuir isotherm has low coverage of surface oxides and/or oxygen species at high 
overpotentials [76-79].  
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Figure 3.16 : Tafel plots for different potential regions as to electrocatalysts, in O2 
saturated 0.1M HClO4 recorded at 5 mVs
-1
 and 20ºC.  
3.2 Rotating Ring Disk Electrode (RRDE) Measurements  
3.2.1 Voltammetric behavior of bare glassy carbon electrode  
Since the potential of the disk and ring electrodes can be controlled independently, 
the possible formation of H2O2 as an intermediate product of the oxygen reduction 
reaction can only be examined by using RRDE method.  
 
Figure 3.17 : Voltammetric behavior of glassy carbon disk electrode were recorded 
versus disk potential (ED) in N2 deareated 0.1M HClO4 recorded at 20 
ºC and 50 mVs-1.  
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Owing to the generated species, where the applied potential of the disk and the 
constant potential of the ring, on the disk electrode are collected on the ring 
electrode, intermediate species can be analyzed via rotating ring disk electrode. 
Figure 3.17 displays the cycle voltammograms of the bare glassy carbon electrode 
surface as to current desity depending upon the scan rate of 20 and 50 mV/s.  
3.2.2  Determination of the collection efficiency  
So as to determine the collection efficiency, a widely used electrolyte was prepared 
by 0.1M NaOH supporting electrode with 0.01M K3[Fe(CN)6]. The disk current (ID) 
and the ring current (IR) with 20 mV/s, at 20ºC and at a constant ring potential (ER) 
of 1.55V (RHE) were illustrated Figure 3.18. The collection efficiency was 
determined with a ferrocyanide / ferricyanide redox reversible couple. The constant 
ring potential of 1.55V enable the  oxidation of [Fe(CN)6]
4-
 to be produced at the 
disk electode to [Fe(CN)6]
3-
 in 0.1M NaOH suppoting electrolyte. That is, while the 
reduction of ferric ion to ferrous ion is performed in Eq.3.8 on the disk electrode, the 
oxidation of ferrous ion generated is performed in (Eq.3.9) via mass transfer limited 
rate at the ring electrode[70, 80, 81].  
The collection efficiency (N) is then determined from the ratio of ring current (IR) to 
disk current (ID) in Eq.3.10. IR is the limiting current collected on the ring electrode, 
ID is the limiting current collected on the disk electrode, when a reversible oxygen 
reduction reaction occurs on the disk electrode and the intermediate species collected 
on the ring electrode. As a result of  the six independent collection efficiency 
experiments at different scan rates (5, 10, and 20mV/s), the ring collection value was 
calculated as N = 20.67 % which is the compatible with the theoretical collection 
efficiency. We can clearly deduce from the voltammograms as to collection efficieny 
experiments that to examine the hydrogen peroxide formation by means of ring 
electrode is possible under suitable conditions. Experimental conditions 
(temperature, concentriation of electrolyte, catalysts loading on electrode surface 
etc.) is of great importance in terms of obtaining the reproducible results. 
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Figure 3.18 : Voltammogram of a) ring and b) disk electrodes were recorded versus 
disk potential (ED) recorded at 20 mV/s scan rate and room temperature, 
c) ring collection value related to the collection efficiency experiments. 
3.2.3 Peroxide formation and kinetic paramaters  
According to the polarization curves of the electrocatalysts in Figure 3.19b, the 
region of the mixed-kinetic and diffusion control (0.90V< E < 0.65V) is followed by 
diffusion limited current region (0.65 < E < 0.25V). The kinetic data regarding the 
rotating ring disk electrode experiments are compared and summarized in Table 3.3 
for the electrocatalysts inquestion. According to the Figure 3.19a, the behavior of the 
ring electrode response clearly denotes the formation amount of H2O2 in where the 
proportion of the formation H2O2 increases when the disk potential decreases. The 
H2O2 production is increasing because of the taking place of the O2 reduction on 
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carbon only at low potentials[31]. When the potential range decrease from 0.5V to 
0.25V, a decrease of ring current and an increase of disk current are observed with 
increasing the rotation rate, indicating that the intermediate H2O2 continues to reduce 
to water. 
During the molecular oxygen reduction reaction at the disk electrode, the hydrogen 
peroxide is oxidized at the ring electrode. At the ring electrode, the H2O2 produced at 
the disk electrode is oxidized by means of the reverse of reaction in Eq.1.9 The 
percentage of the current as to peroxide generation is calculated by using the 
collection efficiency, ring and disk currents in Eq.3.11.  
                                       
     ⁄
       ⁄  
                                                    
Figures 3.20 represents tcalculated kinetic parameter as to electrocatalysts a) 
Kouteck-Levich plots, b) limiting current density, c) Tafel plots and d) peroxide 
yielding formed during the oxygen reduction reaction. The following figures, (Fig. 
3.19, Fig. 3.20, Fig. 3.21, Fig. 3.22, Fig. 3.23, Fig. 3.24, Fig. 3.25,  Fig. 3.26, Fig. 
3.27 and Fig. 3.28) recorded under  the same experimental conditions and the 
calculated kinetic values obtained by using Eq.3.11 and Eq.3.12 were listed in Table 
3.3, Table 3.4, Table 3.5, and Table 3.6. The current corresponds to the 2 electron 
reduction on the disk is equal to |IR⁄N|, while the current corresponds to the 4 electron 
reduction is equal to |IR⁄N|. Therefore, the total flux of oxygen consumed at the disk 
electrode, Fd, is determined in Eq.3.12 [70, 76, 82, 83].   
                                     
|   ⁄ |
   
 
   |   ⁄ |
   
 
  
   
                                               
We can conclude from the data related to Table 3.6 that O2 reduction proceeds 
principally through the 4e- reduction pathway with 97 % percentage of H2O and 3 % 
H2O2 formation as shown in Figure 3.29 and 3.30. Figure 3.31 and 3.32 represent the 
average number of transferred electrons as a function of the disk potential fas to so-
called electrocatalysts. There is a decreasing around 0.7V(RHE) and a continuous 
towards to the lower potentials, where the peroxide formation is occurred. The 
results show that the values of ne are very close to 4, while H2O2 % is smaller than 3 
% observing.  
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Figure 3.19 : Hydrodynamic voltammograms for O2 reduction reaction related to 
Pt/C a) ring electrode and b) disk electrode current density in O2 
saturated 0.1 M HClO4 recorded at 5 mVs
-1
 and room temperature.   
 
Figure 3.20 : Kinetic parameters for O2 reduction on Pt/C a) Koutecky-Levich plots 
at various potentials, b) limiting current density, c) Tafel plots for low 
current region and high current region, and d) the formation of hydrogen 
peroxide at 1600rpm.  
51 
 
 
Figure 3.21 : Hydrodynamic voltammograms for O2 reduction reaction related to 
PtCr/C a) ring electrode and b) disk electrode current density in O2 
saturated 0.1 M HClO4 recorded at 5 mVs
-1
 and room temperature.  
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Figure 3.22 : Kinetic parameters for O2 reduction on PtCr/C a) Koutecky-Levich 
plots at various potentials, b) limiting current density, c) Tafel plots for 
low current region and high current region, and d) the formation of 
hydrogen peroxide at 1600rpm.  
52 
 
 
Figure 3.23 : Hydrodynamic voltammograms for O2 reduction reaction related to 
PtSn/C a) ring electrode and b) disk electrode current density in O2 
saturated 0.1 M HClO4 recorded at 5 mVs
-1
 and room temperature.    
 
Figure 3.24 : Kinetic parameters for O2 reduction on PtSn/C a) Koutecky-Levich 
plots at various potentials, b) limiting current density, c) Tafel plots for 
low current region and high current region, and d) the formation of 
hydrogen peroxide at 1600rpm.  
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Figure 3.25 : Hydrodynamic voltammograms for O2 reduction reaction related to 
PtNi/C a) ring electrode and b) disk electrode current density in O2 
saturated 0.1 M HClO4 recorded at 5 mVs
-1
 and room temperature.  
 
Figure 3.26 : Kinetic parameters for O2 reduction on PtNi/C a) Koutecky-Levich 
plots at various potentials, b) limiting current density, c) Tafel plots for 
low current region and high current region, and d) the formation of 
hydrogen peroxide at 1600rpm.  
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Figure 3.27 : Hydrodynamic voltammograms for O2 reduction reaction related to 
PtCo/C a) ring electrode and b) disk electrode current density in O2 
saturated 0.1 M HClO4 recorded at 5 mVs
-1
 and room temperature.  
 
Figure 3.28 : Kinetic parameters for O2 reduction on PtCo/C a) Koutecky-Levich 
plots at various potentials, b) limiting current density, c) Tafel plots for 
low current region and high current region, and d) the formation of 
hydrogen peroxide at 1600rpm.  
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Table 3.3 : Kinetic parameters of the electrocatalysts calculated by means of 
Koutecky Levich analiysis approach. Tafel slopes and exchange current 
densities at a) low current density region and b) high current density 
region.  
Catalyst jl 
(mAcm
-2
) 
-b 
(mVdec
-1
)
a
 
 
jo 
(mAcm
2
)
a
 
   -b 
  (mVdec
1
)
b
 
jo 
(mAcm
-2
)
b
 
Pt/C 32.25 66.74 4.43×10
-6 
116.44 1.26×10-3 
PtCr/C 90.90 73.81 9.24×10
-5
 117.93 7.73×10-3 
PtSn/C 80.00 79.26 1.88×10
-4
 118.31 8.13×10-3 
PtNi/C 43.33 75.61 1.67×10
-4
 113.22 1.24×10-2 
PtCo/C 40.00 89.07 6.09×10
-4 
134.32 1.35×10-2 
Table 3.4 : Specific current densities normalized by active surface area. 
jk
 
(mAcm
-2
) 
Pt/C PtCr/C PtSn/C PtNi/C PtCo/C 
@ 0.85V 0.19 0.341 0.48 0.68 0.58 
@ 0.80V 0.81 1.784 2.17 2.90 2.23 
@ 0.75V 3.83 7.239 7.97 10.66 5.76 
@ 0.70V 12.75 21.07 22.08 26.68 11.65 
@ 0.65V 26.91 41.11 40.46 35.89 19.42 
@ 0.60V 54.85 45.91 69.88 39.98 27.60 
Table 3.5 : Mass current densities normalized by platinum loading in catalysts. 
jm 
(mA/mgPt) 
Pt/C PtCr/C PtSn/C PtNi/C PtCo/C 
@ 0.85V 0.59 0.91 0.96 1.91 1.59 
@ 0.80V 1.85 2.36 4.10 6.11 4.51 
@ 0.75V 5.37 6.48 8.31 11.80 8.72 
@ 0.70V 8.56 9.47 10.54 14.46 11.59 
@ 0.65V 10.06 10.20 10.96 15.25 12.72 
@ 0.60V 10.41 10.60 10.98 15.52 12.84 
Table 3.6 : Calculated values for the RRDE experimental results in 1600 rpm. 
1600 rpm Pt/C PtCr/C PtSn/C PtNi/C PtCo/C 
ne 3.93 3.97 3.97 3.94 3.96 
(H2O2)%  3.0 1.2 1.05 2.1 1.4 
(H2O)% 97.0 98.8 98.95 97.9 98.6 
Fd x 10
6
 7.04 6.32 6.61 6.90 6.63 
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Figure 3.29 : Hydrodynamic voltammograms of the yield of hydrogen peroxide 
versus disk potential in O2 saturtated 0.1 M HClO4 recorded at at 5 
mVs
-1
, 1600rpm and room temperature.   
 
Figure 3.30 : The formation of hydrogen peroxide during the oxygen reduction with 
3D image under the same experimental conditions.  
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Figure 3.31 : Average number of exchanged electrons during the oxygen reduction 
in O2 saturtated 0.1 M HClO4 recorded at at 5 mVs
-1
, 1600rpm and 
room temperature.   
 
Figure 3.32 : Average number of exchanged electrons during the oxygen reduction 
with 3D image under the same experimental conditions. 
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3.2.4 Thermal gravimetric analysis (TGA)  
The real metal loading obtained via thermal gravimetric analysis was 32.76%, 
35.43%, 34.05%, 23.56%, and 27.40% for Pt/C, PtCr/C, PtSn/C, PtNi/C, and 
PtCo/C, respectively in Figure 3.33. The actual metal loadings and theoretical 
compositions according to the TGA results are listed in Table 3.7. The mass activity 
(mA/mgPt) and the specific activity (mA/cm2Pt) were calculated by using the actual 
weight of Pt with respect to the TGA results.  
 
Figure 3.33 : Thermal gravimetric analysis results of the electrocatalysts. 
Table 3.7 : Metal loading of the electrocatalysts obtained from thermal gravimetric 
analysis. 
Catalyst % 
TGA 
Total metal 
loading  
(μg cm-2) 
Pt loading 
(μg cm-2) 
Metal 
loading 
(μg cm-2) 
Pt/C 32.76 115.35 115.35 
- 
PtCr/C 35.43 124.75 117.26 7.49 
PtSn/C 34.02 119.79 99.59 20.19 
PtNi/C 23.56 82.95 75.38 7.57 
PtCo/C 27.40 96.51 87.68 8.83 
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3.2.5 X-ray difraction (XRD) analysis  
The XRD method is a volume weighted one, i.e. the diffracted intensity from any 
sample brings about information averaged over the whole irradiated volume which 
depends on the geometric arrangements (e.g. width and divergence of the X-ray 
beam) and physical properties of the sample (absorption coefficient). Nanoparticle 
electrocatalysts have very high metallic surface area, e.g., >105 cm
2
 per g of metal, 
producing a very high concentration of active sites per unit volume of electrode. This 
presents a special set of challenges in obtaining true kinetic measurements of the 
rates of electrochemical reactions. As the crystallite size changes, so do the metallic 
surface area and the concentration of active sites within the catalysts [84, 85]. It is 
well known that with diminishing crystallite size the measured XRD pattern exhibits 
broadened, and very often overlapping reflections. The broadening of the reflections 
is inversely proportional to the crystallite size (i.e. size of coherently diffracting 
domains). This relation is known as Scherrer’s equation in Equation 3.13.  
                                                                        
        
       
                                                             
It relates for the given wavelenght the average crystallite size, d, diffraction angle of 
a particular reflection and broadening of this reflection due to crystallite size effect. 
λKα is the value of wavelength of X-ray radiation (1.54056nm), θB is the diffaction 
angle. β is commonly expressed as a full width in radians at half maximum (FWHM) 
of the reflection (background subtracted), corrected for instrumental broadening 
Mean crystallite sizes are calculated using Debye-Scherrer equation [86, 89].  
The XRD patterns taken from the synthesized catalysts are shown in Figure 3.34a. 
As seen in these figures, XRD patterns reveal the presence of reflections coming 
from the (111), (200), (220), (311) and (222) planes of the face centered cubic Pt 
phase. Moreover, presence of a small broadened peak located at around 20-25
o
, 
which belongs to the reflections coming from the Vulcan XC-72 carbon support, is 
also observed in the XRD patterns. Figure 3.34b shows a close-up XRD pattern 
focused on the (220) diffraction plane of the fcc Pt phase. The position of the (220) 
diffraction plane of PtNi/C and PtCo/C are slightly shifted to higher 2θ degrees as 
compared to that of Pt/C. Moreover, the position of the (220) diffraction plane of 
PtSn/C is quite shifted lower 2θ degrees as compared to that of Pt/C. This 
observation is consistent with alloy/intermetallic compound formation between Pt 
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(3.9251Å), PtSn (3.9531Å) PtNi (3.8782Å), and PtCo (3.9149Å). We can assume 
that Pt forms alloy/intermetallic compound with Ni, Co and Sn since the peak angles 
of Ni, Co, Sn shift towards to different angles. It can be observed that the diffraction 
peaks slightly shift to higher Bragg angles, which indicates a decrease of lattice 
constant from 3.9251 to 3.8782 with increase of nickel and cobalt precursor. The 
decrease in lattice parameter results from the interpenetration of transition metals, 
which are smaller than platinum. The decrease in the Pt d band vacancies may 
provoke an increase in the lattice parameters hence larger Pt-Pt bond distances are 
occurred as a result of incorporation of Ni and Co in fcc structure of Pt. If two metals 
could have formed a homogenous solid solution, since the unit cell constant would 
depend linearly to the composition according to Vegard’s law, it would have been 
possible to estimate the catalysts composition. But, solid solubility is not observed 
under this experimental conditions. 
 
Figure 3.34 : a) X-ray diffraction patterns of the electrocatalysts and b) an expanded 
view of the (220) planes of fcc phase.  
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Figure 3.35 : X-ray diffraction patterns of the Pt/C and PtCr/C electrocatalysts.  
 
 
Figure 3.36 : X-ray diffraction patterns of the Pt/C and PtSnC electrocatalysts. 
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Figure 3.37 : X-ray diffraction patterns of the Pt/C and PtNi/C electrocatalysts.  
 
 
Figure 3.38 : X-ray diffraction patterns of the Pt/C and PtCo/C electrocatalysts.  
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3.2.6 High resolution transmission electron microscopy (HR-TEM) analysis  
The primary method for physical characterization of nanoparticle catalysts is 
transmission electron microscopy (TEM). Because the support is electronically 
conducting, the materials are free of nuisances like charging, and the samples are 
easily prepared for microscopy, e.g., dispersion in alchol and adsorption onto a 
carbon grid full of holes. Figure 3.39, 3.40, 3.41, 3.42, and 3.43 represent typical 
morphology of the metal nanoparticles, which are homogenously dispersed on the 
Vulcan XC-72 Carbon. The mean particle diameter, d, was calculated from Eq. 3.14.  
                                                     
∑      
∑    
                                                                    
where ni is the frequency of occurrence of particles with size di. The average particle 
sizes of 2.15±0.40, 2.25±0.16, 2.73±0.40, 2.33±0.40, and 2.54±0.54 nm were 
obtained for Pt/C and PtCr/C, PtSn/C, PtNi/C, and PtCo/C, respectively. The high 
dispersion provides the advantage of high specific surface areas and utilization of the 
precious metal. Binary alloys are employed to enhance the reactivity of the catalyst. 
The surface concentration of the alloy components will generally not be the same as 
that of the bulk, the distribution of components may not be homogeneous among 
particles, and the electrochemical reaction or environment may modify the alloy 
composition and structure through, for example, surface segregation or selective 
oxidative leaching. [86-89].  
Table 3.8 shows the lattice parameters, 2θ values of the (220) reflection plane and 
calculated crystallite size values of the catalysts. As seen in this table, calculated 
mean crystallite size values, which varied between 2.50 and 3.50nm, are in good 
agreement with TEM micrographs.  
Table 3.8 : Calculated parameters obtained from TEM and XRD graphs. 
Catalysts Particle 
size TEM 
(nm) 
Lattice 
parameter 
(nm)
 
(220) 
Mean 
crystallite 
size (nm) 
(220) 
diffraction 
peak position 
(2θº) 
Pt/C 2.15±0.40 0.3925 3.44 67.51 
PtCr/C 2.25±0.16 0.9318 2.74 67.59 
PtSn/C 2.73±0.47 0.3953 3.37 66.96 
PtNi/C 2.33±0.40 0.3878 3.16 68.43 
PtCo/C 2.54±0.61 0.3914 2.87 67.70 
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Figure 3.39 : TEM images and histograms of the particle size distributions of the 
Pt/C electrocatalyst synthesized by a microwave-assisted polyol 
process. 
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Figure 3.40 : TEM images and histograms of the particle size distributions of the 
PtCr/C electrocatalyst synthesized by a microwave-assisted polyol 
process. 
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Figure 3.41 : TEM images and histograms of the particle size distributions of the 
PtSn/C electrocatalyst synthesized by a microwave-assisted polyol 
process.  
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Figure 3.42 : TEM images and histograms of the particle size distributions of the 
PtNi/C electrocatalyst synthesized by a microwave-assisted polyol 
process. 
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Figure 3.43 : TEM images and histograms of the particle size distributions of the 
PtCo/C electrocatalyst synthesized by a microwave-assisted polyol 
process. 
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Figure 3.44 : TEM images of the Pt/C, PtCr, PtSn/C, PtNi/C, and PtCo/C 
electrocatalysts. 
70 
 
 
 
 
 
 
 
 
 
 
 
 
 
71 
 
4. CONCLUSION 
The rotating disk electrode and rotating ring disk electrode appear to be a convenient 
method for analyzing reaction kinetics and detecting intermediate species formed 
during electrochemical reaction. A glassy carbon disk and a platinum ring electrode 
were used to investigate the kinetics of the oxygen reduction reaction. 
The principal objective of this work was to synthesize the carbon supported platinum 
based binary electrocatalysts and to investigate the electrocatalytic activity for 
oxygen reduction reaction by using rotating disk electrode and rotating ring disk 
electrode. To achieve this aim, Pt-M (M : Cr, Sn, Ni, Co) catalysts were synthesized 
via microwave assisted Polyol reduction method. A highly dispersed carbon 
supported Pt and binary electrocatalysts were synthesized with lower cost and time. 
Microwave-assisted polyol reduction synthesis method is simple, fast, and energy 
efficient method to use as a general way of preparation for supported metal and/or 
alloy catalysts.  
This study indicates that the synthesis method and the the role of the metallic nano 
particles used in bimetallic electrocatalyst with the target of decreasing the platinum 
amount have affected the electrocatalytic activity. Based on the previous reports for 
ORR mechanisms, the improved performance of these alloys were explained due to 
the structural modification of Pt 5d orbital, coordination number of Pt, adsorption of 
oxygenated species from the electrolyte to the Pt or the alloying metal. Inhibition of 
the formation of Pt-OH at potentials above 0.8V vs. RHE on Pt alloys, resulting in 
greater number of available Pt sites for dissociative adsorption of molecular oxygen. 
The Pt-OH formation has been proposed to be derived from the interaction of water 
with Pt and not from the reaction of O2. O2 adsorption increases with Pt 5 d-band 
vacancy. However, increase in d-band vacancy in Pt makes it difficult to loose an 
electron for oxygen reduction. Hence bimetallic alloy catalysts which have the 
lowest d-band vacancy change and minimal formation of Pt- OH does not impede the 
charge transfer process for oxygen reduction significantly and shows enhanced 
performance compared to Pt/C.  
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The rate determining step (rds) of the oxygen reduction reaction is assumed to lie on 
the first electron transfer to O2 with H
+
 in the following reactions. In this pathway, 
O2 adsorption is followed by simultaneous proton and electron transfer. 
                                                                                                                  
                                     
                                                              
                                        
                                                              
                                                                                                  
                                                                                    
 
Figure 4.1 : Schematic explanation of the oxygen reduction reaction mechanism for 
Griffiths type adsorption model[48]. 
Since the highest barrier of the activation energy resides in the step (4.3), H2O2 
accumulates during the reaction. According to the calculation based on the extended 
Hückel molecular orbital method, the most stable configuration is bridge side-on 
contacting two adjacent Pt atoms. Due to the large population of π* orbitals by d-
electrons from Pt, O-O bond is weakened. A criteria for an efficiency catalyst for 
oxygen reduction is that the metal supplies sufficient back donation from its d-band 
to π* orbital of O2 [48, 90]. Pt alloy catalysts providing high oxygen reduction 
activity on the basis of d-band modification by the second metal. Figure 4.1 
illustrates the O2 bonding mode and the change of the electronic structure of Pt 
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induced by the second metal. Griffiths type adsorption model should be conducive to 
the dissociation of molecular oxygen and hence, the direct 4-electron reduction 
reduction. The best composition of the alloy corresponds to the condition where high 
probabilities of both the donation from 2π orbital of O2 to empty 5dz
2
 orbital of Pt 
atom and the back donation from partially filled 5dxz and 5dyz orbital of Pt to 
antibonding 2π* orbital of O2, so that O-O bond weakens [42].  By the addition of 
Cr, Sn, Ni, and  Co 5d vacancies of the surface increase, since Cr, Sn, Ni, Co have 
more 5d vacancies than Pt [42, 80].   
The rotating disk electrode (RDE) and the rotating ring disk electrode (RRDE) were 
used for determining the kinetic parameters related to oxygen reduction reaction. The 
oxygen reduction reaction on Vulcan XC-72 carbon supported nanosized Pt-, PtCr-, 
PtSn-, PtNi-, and PtCo- electrocatalysts were studied in acid medium and 
electrocatalytic activities of the catalysts were compared at 20°C. Electrochemical 
results of oxygen reduction were indicated higher current densities for binary 
catalysts as compared to the Pt/C catalyst. The electrocatalytic activity of the 
bimetallic electrocatalysts exhibited higher catalytic activity towards the oxygen 
reduction owing to the synergistic effect of Pt and transition metal nano particles. 
The binary electrocatalysts showed different electrocatalytic activity under the same 
experimental conditions (scan rate 5 mV.s
-1
, with 2500 rpm and 20°C in 0.1M HClO4 
saturated with pure O2 (1 bar)). The onset potential related to oxygen reduction of the 
binary electrocatalysts showed a positive shift approximately 100 mV than Pt/C. The 
performance of the binary electrocatalysts towards oxygen reduction was found to be 
very effective compared to Pt/C. The best mass activity towards oxygen reduction on 
PtNi/C could be served a synergistic activity in which metal atoms surrounding Pt 
provide effective sites for electrocatalytic reduction of oxygen. However, the 
existence of Sn or Sn oxide nano particles is not drastically increased oxygen 
reduction reaction relatively to PtCo catalysts probably due to the easy dissociation 
of adsorbed water over Sn or Sn oxide surface.  
In order to compare the activities of the catalysts, the normalized activities are 
required in terms of mass activity with Pt loading and specific activity with active 
surface area. Specific activity, which uses the electrochemically active surface area 
for the normalization of measured currents, is a more useful measure of the intrinsic 
activity of Pt. The mass activity reflects the cost factor of a catalysts and is therefore 
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of major importance in the development of economical catalysts for application. 
According to the Figure 3.15, bimetallic catalysts have higher mass catalytic activity 
than Pt/C. It can be clearly deduced from the calculated data in Table 3.4 and 3.5 that 
bimetallic catalysts attribute more effective in mass current densities and specific 
current densties at different potentials.   
Koutecky - Levich model was used to access kinetic parameters of the ORR on 
catalysts. From the RDE and RRDE studies, limiting currents were increased with 
the increasing rotational speed due to the increase of oxygen diffusion to electrode 
surfaces. From the slopes, it was found that the number of transferred electrons 
involved in the oxygen reduction reaction were found ~ 4 for one O2 molecule, 
indicating the complete reduction of O2 to water. Two linear regions were obtained 
from the Tafel plots. Two Tafel regions attribute to change from Temkin to 
Langmiur conditions for changing coverage of surface by adsorbed oxygenated 
species[91].   
The XRD results clearly indicated the decrease in lattice parameter with increasing 
the transition metal in the catalyst, resulting in the formation of an alloy. The 
position of the (220) diffraction plane of  bimetallic catalysts are slightly shifted to 
higher and lower 2θ degrees as compared to that of Pt/C. We can assume that Pt 
forms alloy/intermetallic compound with Cr, Sn, Ni, and Co since the shift of the 
peaks to higher and lower angles reveal this alloy/intermetallic compound formation 
between Pt and transition atoms. 
Moreover, the TEM analysis results indicated that Pt/C, PtCr/C, PtSn/C, PtNi/C, and 
PtCo/C well dispersion on Vulcan XC-72 support material with around 2.0 and 3.0 
nm particle size. Highly dispersed Pt catalysts with large surface areas are extremely 
important to increase the electrocatalytic reactivity.   
In conclusion, the electrocatalytic activity results of the electrocatalysts synthesized 
elucidate that binary electrocatalysts demonstrate more efficient electorocatalytic 
activity in positive potential shift of intial oxygen reduction reaction and higher 
current density than Pt/C electrocatalysts. This study has also shown that the oxygen 
reduction pathways are important on carbon supported platinum based cathode 
catalysts. Whether O2 reduction proceeds via direct 4-electron path or via two-stage 
path with H2O2 as an intermediate is a matter of debate among electrochemists. 
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Although H2O yield of oxygen reduction reaction is more than 97 % on platinum 
alloy catalysts, H2O2 production is shown to occur in the case of anion specific 
adsorption or of atomic H adsorption at < 0.3V (RHE).   The next investigations will 
be to elucidate the oxygen reduction mechanisims on different bimetallic surface 
orientaions with reaction rates and reaction orders.  
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